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FOREWORD 


This doctment Is the final irepoxrt for the **Electrochemical Energy Storage 
Subsystems Study performed by PRC/SSc under contract NAS3-21962 with NASA- 
Lewis Research Center. The effective date of the contract is September 26 , 

1979. The basic contract study encompassed the study of subsystems consisting 
of fuel cells/electrolysis cell and battery cell type subsystems at 25 ^ 50 ^ 100 
and 250 kw in low earth orbit. A modification was made^ dated September 30 f 

1980, which eiqpanded the study scope to include the geosynchronous case at 
25 kW power level, again using both types of energy storage devices. 


EXECUTIVE SUMMARY 


Purpo«« of th* Study 

To d«v«lop computer aodals which arc used to aatabllsh quantitative rala* 
’tionahips batwaan tha total lifa cycle coat and technical paraaiatara of 
alactrochamical anargy atoraga aubayatana for earth orbiting apacacraft* 


BacKaround 

Future MASK find OSAF apace prograna will require algniflcant incraaaaa in 
electrical power kequirementa from the 1980 average for exlating prograaM of 
1 KM. Theae requirementa are projected to increaae to approximately SQO kW 
by the year 2000. 

Electrical energy atorage ayatema appropriately aired for future require- 
menta and configured with today 'a technology will prove inordinately exs^naive 
in terma of projected life cycle coata. Theae coata muat be conaidered truly 
eignificant in that they will comnand a diaproportionate ahare of available 
reaourcea thereby conatraining the numbera and typea of future apace programa. 

Accordingly, it ia imperative that new technologioa be developed for the 
design of electrical cmergy atorage systems. Implicit in the development of 
these technologies is the capability to 2 malyze the impact on system life 
.cycle costs resulting from varying design specifications. Every attempt must 
be made to maximize system performance and minimize life cycle costs. The 
models presented herein are the first step toward obtaining this critical 
capability. 


Methodology 

A series of fifteen baseline electrical storage subsystems using today's 
tecluiologies were specified and hypothetically subjected to either a low 
earth orbit (LEO) or geosynchronous earth orbit <GEO). The following matrix 
applies. 


Electrical Energy 
Storage Subsystem 

LEO 

GEO 

25 kW 

50 kW 

100 kW 

250 kW 

25 kW 

Nicd Battery 



• 

# . 

:• . 

NIH 2 Battery 

• 

• 

m 

• 


Fuel Cell 


• 

: ' ^ 

• 



vH 


mm ?iX»r 



Algprlthmi r«prc««ntin9 cycl« w«r« d«v«lop«d foi; ««ch of th« 

f if toon baoolino oubq^otoms in thoir doill^notod osi^it. Each suboyotoni woo 
thon oubjootod to chongoo in dooign opocif icationo and tho rooulting ohangoo 
in lifo cycio coflta woco computod. Thoae itorationo irooultod in tho dovoiop> 
mont of a aorioa of mathaaiatically onproiood tolationahipo botwoon individual 
■yatom con^nonto/parainotora and life cycio coato. 

It ahould bo notod that tho nodol'a offoctivonoaa io ooiaovrhat linitod at 
thio timo duo to tho abaonoo of cortain oaqpiirical data tolating to porfomancof 
phyoical chacattoriatica and coota. Such data aco noticoably^ abaont for MIH 2 
colla and tho advancod light*woight fuol coll now boing dovolopod. 

Tho tnodol la howover logically correct, intornally conoiatont, and 
roaliaticr Ita full offectivenoaa aa a doaign and budgoting tool will bo 
roalizod when tho voida in empirical data are filled. 

Reaulta and Concluait^aj/ 

Tho mode la provide an oxtonaivo and detailed aorioa of mathomatically 
exproaaed relationahipa between individual ayatom compononta/parametora and 
life cycle coata. Graphic repreaentationa of theae relationahipa are provided 
In Volvnie II (Appendla; G) . 

The ccnclUalona of the reaearch are aunmarized in Section 5.0. Several 
of the more pertinent conclualona are as follcwa: 

o Quantitative relationahipa and conqputer modela were developed which 
enable examination of the effects on life cycle coat resulting from 
varying technical parametera of the aubayatem. 

o The life cycle coata of Nicd ayatema are approximately twice thoae 
of cQmpar^d^le NiH 2 ayatema# 

o The life cycle coata of NlH 2 ayatema are comparable to thoae of 
comparable fuel cell ayatema. 

o The driving parametera of battery ^atema have a greater impact on 
life cycle coats than do comparable parametera for fuel cell ayatema. 

It ahould be emphaaized again that there la a lack of accurate data 
with which to fflodel battery and fuel cell performance , phy aical characteristics 


vili 


and coats. In many casaSi it was nscsssary to intsrpolats# sxtrapolats, and 
othsrwiss sfl>timats rslationships in oxdmt to eomplste ths study. Ths modsi is 
howsvsr, logically corroctf intsrnally coRiistsnt> and csaiistic and can bs 
ussd sffsctivaly as a design and budsting to<vI. 

Areas for Furuhsr Stiidy 

Numerous areas for further study having high potential returns on invest- 
ment are readily apparent. These arc diecussed in detail in Section 6.0. 

Four of the more promising areas aret 

e The conduct of life cycle cost Sensitivity analyses on designated 
system parameters by varying only one designated parameter while 
holding all else constant. 

e The conduct comparative life cycle cost analyses on the development 
of alternative component technologies and on the configuration of 
alternative system designs. 

e The modification and use of the models# as guides# to plan and 
coordinate future component/system development and test programs# 
thereby maximizing the use of available resources. 

e The modification and use of the models to optimize specified system 
performance parameters for given levels of life cycle funding. 


1.0 STUDY OVERVIEW 


1.1 Background 

URSA and USkF propoaad apaca programs for tha paridd of tha 1960s and 
1990s indlcata incraasas in upaca powar raquiramantSf from a I960 avaraga 
(axlsting programs} of about 1 m to ^nst undar 500 kW in tfea yaar 2000. 

Thasa powar lavals (which do not includa tha Solar Powar Satallita powar lavals) 
prasant a tachnical and aconomio challanga to tha mSA, USAF« and cosnarcial/ 
Industrial sactors. As a rasult tha projaotad costs of raliabla, light>waight 
anorfy storaga subsystams ara considarabla and will bacoma sarious constraints 
on tha numbar and typas of spaca programs which may ba implamantad ovaf tha 
naxt 20 to 30 yaars. 

Based upon this study, space anargy storaga subsystams using NiCd calls 
weigh about 170 kg par kW. From this » tha initial spaca transportation costs 
alone i>r‘ a 25 kW NiCd energy storage subsystem for delivery to LEO by Shuttle 
are on the order of $ 5M , and to GEO by Shuttle/IUS are $36M. Using the newer 
technology NiH call. thaSe costs can be reduced about $4M to LEO and $24M 
to GEO. If tha advanced lightwaight fuel cell technology is used, these trans- 
portation costa can be further reduced to about $4M to LEO and $11M to GEO. 

The initial space transportation costs are but one element of the life 
cycle costs <LCC). Other costs which are important include unit costs, sub- 
system assembly costs, maintenance and spares costs, ancillary equipment costs, 
interfacing subsystems costs and mission user costs. (In come concepts, spares 
costs may be represented by such life-extending schemes as "switch-on" redun- 
dancy and low level operation.) 

It is important, therefore, to examine and quantify the LCC benefits of 
various physical, performance and pperational technologies applied to electri- 
cal power systems for high power early orbiting missions. These benefits 
provide the basis for research and technology development and ultimate cost 
savings and/or enlargement of our space programs. 


1.2 Study PurpQg« 


It was the purpose of this study to establish the cost-technology relation* 
ships of energy storage subsystems for four UBO missions (25# 50# 100 and 250 
kW) and one GEO mission (25 kW) . Two types of energy storage subsystems were 
examined for each of the LEO and GEO power levels: (1) subsystems using 

batteries and (2) subsystems Using fuel cells/electrolysis cells. The study 
also identifies areas of new technology for each type of subsystem which# if 
the technology were incorporated# would reduce the cost of space power systems. 


Stated another way# the study objective was to establish the relative 
sensitivity of energy storage subsystem life cycle costs (LOC) to varia- 
tions in parameters such as battery depth of discharge# cell capacity# Internal 
operating ten^ratures# current density# and weights and Volumes. The cost of 
developing and/or in^lementing specific technology solutions is# however# not 
quantified. For example# the effect on LCC of depth of discharge (COD) of a 
NIH^ battery subsystem is quite pronounced at about 60 percent DOO ($10M per 
percent DOD at 70 percent DOD) # indicating large potential cost reductions 
given the capability to operate NIH^ at a 70 percent DOD without a correspond- 
ing severe reduction in operating cycle life. 

Typical missions for each of four power levels in LEO and one power level 
in GEO are shown in the table of Exhibit 1-1. Exhibit 1-2 depicts a high 
power pultl-user Space Platform for LEO missions requiring a total of 250 kW# 
continuous power. Exhibit 1-3 depicts a 25 kW Space Platform for GEO missions 
requiring 25 kW# continuous power. These exemplify the types of missions which 
were analyzed in this study. 

1*3 study Methodology , 

The study Kinthodology involved (1) development of mission# system/svib- 
system requirements for each subsystem power level emd orbit# (2) development 
of perfommnce and cost ^ model structures and the required interrelated 
algorithms of physical#' performance and cost parameters# (3) establishment 
of baseline subsystems# representative of existing technology# and (4) varia- 
tion of the physical# performance and technology parameters and determination 



POWER LEVEL 
(CONTINUOUS) 


LEO 

typical MISSIONS 


GEO 

TYPICAL MISSIONS 


26 kW 


PBYSlCAL/OHEMICAL RESEARCH 
MATERIALS SCIENCE RESEARCH 
BIOLOGICAL MATERIALS RESEARCH 
COMMERCIAL PROCESSING 
DEVELOPMENT 


ALL NATION HOTLINE 
WORLD-WIDE SEARCH & RESCUE 
ELECTRONIC MAIL 
3-D TELECONFERENCING 
NUCLEAR FUEL LOCATOR 


50 kW 


SPACE RADAR POWER 
SPACELAB/SHUTTLE AUGMENTATION 
FREE-FLYER SERVICES 


100 kW 


OVER THE HORIZON RADAR 
SYNTHETiC APERTURE MAPPERS 
RADIO TELESCOPES 


250 kW 


MILITARY APPLICATIONS 

SPACE PROCESSING 

LONG DURATION LABORATORY 


Exhibit i-l. Typi(alMiuioM* fm Diffeftnt fow(tr tev^ 









of tholr of foot on LCC. Each step in tho ntthodology is daacrlbfd in thi 
following soctions. 


1.3.1 Misaion/System Subavstaat Raguiremants 

The purpose of this task was to est 2 d)lish reasonably representative 
mission scenarios and system and subsystem requirements which derive from the 
mission. This sets the stag'«& and establishes the boxmdabies for the design 
of the baseline subsystems. 

A review was made of current literature to determil>ne reasohably typical 
scenarios for the LEO and GEO missions. Then> LEO and GEO Space Platfors; 
block diagrams were developed to identify subsystem functional interfaCeTs 
requiring consideration in the LCC of the energy storage subsystem (ESS) (see 
Exhibit 1-4). The Thermal Control Subsystem (TCS) is a good example. In 
vajrying the operating temperatures of the fuel cells or batteries f the load 
on the TCS will vary* thus affecting the LCC. Another subsystem interface 
affected by the ESS design is the operations and maintenance (O&M) crew sub- 
system (OMCS) , wherein the reliability and life caped>ilities of the ESS 
determine the unscheduled and scheduled maintenance man-hours (performed by 
astronauts/ technicians) . These interface elements are included in the Per- 
formance amd Cost Models developed for the study. 

The set of requirements which were developed, in specification format, are 
contained in Appendix A. Exhibit 1-5 is a summzury of the specification. 

1.3.2 Performance and Cost Models 

Two sets of performance/cost models were generated, one for battery type 
subsystems and one for fuel cell/electrolysis cell type subsystems. Each model 
can be exercised at any desired subsystem power level in the selected LEO 
(444 km, 56^ inclination) or GEO orbits, or with the apprcpriate manual inputs, 
earth orbits at any altitude. The purpose of the performance and cost models, 
vftiich aro the keys to the study> is to represent dynamically the design and 
design variations of the baseline subsystems, and their effects on life cycle 
costs, (LCC). 


5 




ExbUnt 1^. Space Servkts rtaif arm System (SSK) 



• Power output (4 LEO Missiont, T GEO Mission) 

. LEO Missions: 25/SO, 100, 250 kW Continuous, EOL 

• GEO Missions; 25 kW CoAtinuous, EOL 

• Voltages (All Missions) , 

^ Input to power distribution & control subsysteno (PDCS) 
128J VDC 

- To Users: 76% of power at 12Q VDC 
« To Users: 26% of power at 30 VDC 

• LEO Orbit: 444 KM, 56° Inclination 

• GEO Orbit: Equatorial Stationary (35,786 KM) 

• System Operational1985' 1995 

• State-of* Art Design for Baseline 

• Transportation to LEOI: Shuttle 

• Transportation to GEO: Shuttle/IUS 

• Astronaut Assisted Deployment & G/0 for LEO Missions 

• Autonomous Deployment for GEO Missions 

• 30 Year Life for LEO Subsystems with overhauls 

• 5 Year Life for GEO Subsystems 

• LEO Reliability : Maxlmu In replacement of 10% of battery 
cell or fuel cell or electrolysis cell or pressurizing pumps 
over 1 overhaul cycle 

• GEO Reliability; No overhauls or replacement 
of hardware 

• Structural Loads on ESS 

• Operating; 0.01 G, All Axes 

^ Stowed: Shuttle/I US Payload Environment 


hS. MitsioH, Syttem, Suhty$temi Re^iiirementt 


J 




With rttlatlv* «as«, the program* for the models can be modified to utilize 
any set of aelf-conalstent relationships such as battery lift versus depth-of- 
discharge (DOD) versus operating teBqperaturt« or fuel cell life vertua current 
density of a fuel cell stack (FCS). Ttie logic and relationsbips used in the 
perfoxmance/cost model are contained in Appendices B and C for the battery 
subsystems and Appendix D for the fuel cell subsystems. 

Representative forms of the performance models are shovm in Exhibits 1-6 
and 1-7 for the battery and fuel cell subsystems respectively. In each case, 
the orbit determines the maximum eclipse time, and the minimum illunination 
time This, in turn, determines the discharge and charge rates, the numbers | 
of modules, the size of modules, life reguirements , efficiencies and reliabili^ 

(all of which are variable). The selected values of these variables then 
determine, through the respective cost model, the IjCC of any set of design 
parameters representing a particular subsystem and its interfacing subsystems 
(TCS, SAS or OMCS). 

Exhibit 1-8 depicts the life characteristics of the NiCd, the NiH 2 and the 
light-weight fuel cell. These characteristics are used in the subsystem base- 
line designs described in the next section. These are typical of the relation- 
ships for which algorithms were developed for use in the models, all of which 
are provided in the appendices. 

As stated previously, there is a lack of accurate and consistent data 
with which to model battery and fuel cell performance, physical characteristics 
and costs. This is especially true of NiH 2 cells and the advanced light-weight 
fuel cell presently in development. In many cases, it was necessary to inter- 
polate, extrapolate, and otherwise estimate relationships in order to complete 
the Study. 

However, the model as it st 2 uvds is realistic. Because the model is 
logically correct and consists of considerable detail, it has significant 
value as a design tool. One may hypothesize new sets of data, insert these in 
place of the existent sets and and obtain the technological benefit in terms of 
LCC. In addition , the models may be used to estedalish develppmental objectives 
euid test requirements for new technology programs. 
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Exhibit t’6. Battery Sub^Wnt Performamee/Cott ModH Stimtmry 








Exhibit 1-9 providoi a sumary of the paranetera which are acoeiaible and 
quantifiable in the perfomanoe/cost models and in the input requirements set. 
These and other paraffletors and their interrelationships are either inherent in 
and/or may be provided as inputs to the models. The arrows in the performance 
model identify the parameters which are the inputs to the cost model, 

As stated earlier > Appendices B through D contain the detailed cost model 
logic and the cost relationships assumed for the battery and fuel cell sub- 
systems. Exhibit 1-10 is a matrix representing the battery life cycle cost 
model (bCCM) and Exhibit 1-11* the fuel cell LCCM. 

The cost models were constructed using (1) the work breakdown structure 
(WBS) presented in Section 2.0 and (2) the Life Cycle Cost flow diagrams 
presented In Section 3.0. Referring to Exhibit 1-11* the intersections of j'.|ie 
matrix represent cost elements. Cost estimating relationships (CERs) were 
developed for each cost element. Generally* the production Cin-plant) CERs 
consist of the costs of direct l2d3or; materials and components; process 
equipment* and wraparound costs such as burdens* fringes* overhead* G&A* 
maintenzmce* and factory resources. Inputs consist of a number of cells* 
weights* volumes* and other cost sensitive parameters such as attrition and 
component rejection rate. The OSM CERs consist of astronaut man-hours; 
training (based on assumed attrition rates); spares (based on life and 
reliability)* and Space transportation (based on estimated dollars per unit 
weight (or volume) for Shuttle and Shuttle/IUS transportation. 

1.3.3 Baseline Subsystems 

Battery amd Fuel Cell Characteristics 

The battery performance and cost models were developed for the use of 
either NiCd or NiH^ cells. The fuel cell performance and cost models were 
developed around the light weight fuel cell design presently being developed 
by UTC under contract 11AS8-30637 with George G. Marshall Space Flight Center. 
The details for each type cell are sunnnarized in Exhibit 1-12. These data 
represent the Cells used in the baseline subsystems. 
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Ba»«lin< Sub»yt«n CharactTiatioi 

A conmon ahapa and layout waa choaon lor all aubayatam configuratlona 
which conalata of a poly^on^ahapad crcaa-aactlon with a fixed outaida dia> 
matar conaiatant with the Shuttle payload bay width and a variable length, 

L. %ia ia ahown in Exhibit 1*13 for the NiCd sUbayatama, Exhibit 1*14 for 
the NiH 2 aubsyatema and Exhibit 1*15 for the fuel call aubayatama. In each 
caaa, algorithata were developed to relate weight, dimenaiona and vol\me to 
aubh paramatara aa Battery Cell AH capacity, Fuel Cell Unit (FCU) active area, 
nunbara of calla per module, nvnbera of FCUs (or aleotrolyais cell units# 

ECUa), nunbara of power channela, etc. Volumes were required to determine 
shuttle apace transportation coats for the cases where these costs ware volume 
constrainad aa opposed to weight constrained. The configuration for the fuel 
call/electrolyais cell ancillary equipment (i.e., the tanks, punps, filters, 
valves required for the 0^ and gases and water feed/storage systems) assumes 
a three compartinent, common bulkhead, ellipse-domed storage/pressure tank 
as ahown in Exhibit 1*15. Algorithms were included in the model to vary the 
capacities and press\ires of these tanks. 

The baseline subsystems parameter values and ICC are sumniarized in 
Exhibit l*16a for the NiCd battery subsystems, Exhibit l*16b for the NiH^ 
battery subsystems, and Exhibit l*l6c for the fuel cell subsystems. 

In reviewing and comparing the Jsaseline subsystems data contained in the 
exhibits, it must be recognized that these are baselines; not necessarily 
optimum designs. For better comparisons the parameters for each baseline 
design must be varied to determine the tCC relative to such parameters as DOD, 
current density, cell capacity, maintenance cycles, discharge and charge rates, 
etc. The model may be used to do this (euid should be) , however, the primary 
objective of the study is to determine the dependence of LCC on the various 
technology parameters in order to evaluate potential dollar benefits of 
technology investigations and deyelopment. 

Exhibit 1*17 shows the type of data outputs which the Model will provide. 
Eidiibit 1*17 (a) is for the NiCd battery subsystems , Exhibit 1*17 (b) for NiH^ 
battery Sub^stems, and Exhibit 1-17 (c) for fuel cell subsystems. 
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1.3.4 Ra«ult« and Conclusiona 


The models provide an extensive and detailed series of mathematically 
e]q[)ressed relationships between Individual system components/parameters and 
life cycle costs. Graphic representations of these relationships are provided 
In Volume II (Appendix G) . 

The cpneluslons of the research are presented In Exhibit 1-18 emd sixn- 
marlzed In Section 5^0. As noted earlier - within the limitations of availedsle 
data# some of the more pertinent concluslonB are as follows: 

e The life cycle costs of NlCd systems are approximately twice those 
of comparable H 1 H 2 systems. 

e The life cycle costs of HlH^ systems are comparable to those of 
comparable fuel cell systems. 

e The driving parameters of battery systems have a greater impact on 
life cycle costs than do comparable parameters for fuel cbll sy stuns ^ 

1.3.5 Areas for Further Study 

Numerous areas for further study having high potential returns on Invest- 
ment for readily apparent i These are presented In Exhibit 1-19 and discussed 
In detail in Section 6,0. Four of the more promising areas are: 

• The conduct of life cycle cost sensitivity analyses on designated 
system parameters by varying only one designated par 2 Uneter while 
holding all else constant. 

• The conduct of comparative life cycle cost analyses on the development 
of alternative component technologies and on the configuration of 
alternative system designs. 

• The modification and use of the modelSi as guides r to plan and 
coordinate future coiqponent /system development and test programs f 

thereby maximizing the use of avalleble resources. 

i ■ ^ 

• The modification and use of the models to opltimlze specified system 
performance parameters for given levels of. life cycle funding. 
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nCCQMMENDAtlONS 


• VARY PERFORMANCE/COST MODEL PARAMETERS WITHOUT INTERACTIONS 
(•.9., VARY OOD WITHOUT EFFECTING LIFE) TO DETERMINE INDEPENDENT 
LCC VARIATIONS 


• USE PERFORMANCE/COST MODEL TO DETERMINE POTENTIAL LCC SAVINGS 
VS DEVELOPMENT COSTS REOUIREO TO ACHIEVE DESIRED PERFORMANCE 


• USE PERFORMANCE/COST MODEL TO PUN AND COORDINATE UPCOMING 
battery and fuel CELL DEVELOPMENT/TEST PROGRAMS 


• DEVELOP AN OPTIMIZED ESS DESIGN - MODIFY THE PROGRAM 


• DEVELOP AN INTEGRATED ELECTRICAL POWER SYSTEM PERfORMANCE/COST MODEL 

MISSION SOLAR ARRAY ESS PDCS USER 

• LEO •Si •Batttritt •pC/DC •Variation in 

Load PoMtr 

• GEO •GaAt(ltoN) •FualCailt •DC/AC 

• Etc, 


• DEVELOP A TOTAL SPACE PUTFORM MODEL 


• DEVELOP AND USE A NiH2 AND FUEL CELL DATA CENTER 

-Data Base 
— Test Raquiremants 
— Dasign Handbooks 
— Standard Call Spaeifications 







2.0 ESS PERFORtANCE MODEL 

This section describes the ESS performance model which was developed for 
this study. Described in this section are a battery ESS performance model 
with two applications (nickel cadiun and nickel )^dro 9 en)» and a fuel cell/ 
electrolysis cell ess model with one application (hydrogen-oscygen) . As shown 
by the Battery ESS Perform^ince Model Schematic, Exhibit 2-1, the Battery ESS 
consists of identical power channels which are connected in parallel. As 
shown by the Fuel Cell ESS Performance Model Schematic, Exhibit 2-2, the 
fuel cell ESS consists of a variable combination of chargers, electrolysis 
cells and fuel cells, with common Storage tanks for the reactants. 

2.1 General Methodology 

A general methodology wai incorporated into all three ESS performance 
models. This provides a basis for making comparisons between the three 
different types of Energy Storage Subsystems, and also provides a methodology 
to compare different types of technologies (e.g. , Aged Battery, HCl fuel 
cell, etc . ) . Exhibits 2”3 emd 2-4 , respectively , are block diagrams of the 
Battery and Fuel Cell ES$ Performance Models. A breif description of the 
general 'methodology is as follows < 

• Mission Requirements 

The mission requirements are reflected by life cycle scenarios for 
each of the three types of subsystems. These requirements include the 
appropriate orbits, power users and on-board maintenance Scenarios 
for each of the LEO and GEO missions. 

e ESS Requirements 

The ESS requirements are based on common performance and configuration 

■I ■ ' 

requirements for each of three types of subsystems. These performance 
requirements Include 25 kW, 50 kW, 100 kW and 250 kW continuous power 
for LEO and 25 kW continuous power for GEO. The configiuration require- 
ments Include a polygon shaped ESS which is compatible with Space 
Shuttle transportation to LEO and Shuttle/IUS transportation to GEO. 
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• C»ll Dl«charq« Performance 


Thtt unit call discharge performance at BOL is used to determine the 
quantity of battery cells or fuel cells whic,h are needed to produce 
the required power. For a fuel cell type of ESS« the fuel cell 
"discharge** performance also determines the ancillary equipment 
storage requirements. The discharge performance is a function of 
the cell life and vice versa. Hence* a ttade must be made between 
cell performance and ESS maintenance requirements. In addition* the 
unit cell discharge performance effects the ESS power conditioning 
requirements and provides a component of the ESS thermal control 
heat load. 

e Cell Charge Performance 

The unit cell charge performance at EOL is used to determine the ESS 
solar array input power requirement. In addition* the unit cell 
charge performance provides one compon^t of the totel ess thermal 
control heat load. For a fuel cell/electrolysls cell type of ESS* 
the electrolysis cell **charge** performance is used to determine the 
quantity of electrolysis cells* as well as come of the ancillary 
equipment requirements. The electrolysis cell performance also is a 
function of cell life and vice versa* which requires a trade between 
cell performance euid ESS maintenamce requirements. The combined 
dischar^^e and charge thermal control heat loads provide the basis 
for determining the overall ESS watt-hour efficiency* 

• Interface Requirements 

As described above, th& ESS directly impacts the power conditipning* 
the solar array* and the thermal control subsyst^ of a space plat- 
f^^^ The Impact on the subsystems* in turn effects the interface 
costs* which also must be included in the total ESS life cycle cost* 
to give the **con^lete picture.** 
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• ESS W»lqht» and Voluaw 


Th« ESS weights and volumes include all major conponents of hardware. 
This provides a realistic basis for detenhining the ESS transportation 
costs and other life cycle costs based on weight or voltsne for the 
different types of energy storage subsystems. 

2.1.1 ESS Battery Performance 

AS Stated previously, the Battery ESS Performance Model has two distinct 
applications - one for nickel cadmium and one for nickel hydrogen battery cells. 
The configurations of these types of cells are shown in Exhibits 2-5a and b. 

Due to the extensive test data and space use experience available for nickel 
cadmium* the NiCd performance model (Appendix B) was constructed first emd 
validated using data for 20 AH GE nickel cadmiim battery cells from various 
sources. Then* the nickel hydrogen performance model (Appendix C) was con- 
structed using the more limited nickel hydrogen data* requiring in some cases 
extrapolations/interpolations from comparable nickel cadmium data. However* 
despite this limitation* the nickel hydrogen performance model is also a valid* 
useful model) and provides an accurate picture of the performance for a nickel 
hydrogen energy storage subsystem. 

2.1.2 ESS Fuel Cell Performance 

The fuel cell/electrolysis cell ESS porformance model (Appendix D) was 
ccmstructed using light-weight fuel cell technology (Exhibit 2- 5c) * which is 
presently being developed by UTC for NASA LeRG and MSFC. The electrolysis 
cell perfomumce is assumed to be a mirror image of the fuel cell performance 
with respect to the theoretical Gibbs free energy Of a hydrogen-oxygen fuel 
cell. The ancillary equipment capacity is sized based on "normal use" being 
80 percent of the total quantity of reactants stored. This provides a 25 
percent safety factor above normal use. For more realistic performance results* 
the life performance requirements for each of three major consonant groups 
(e,g. * fuel cells* electrolysis cells* and ancillary equipment pumps) are 
specified independently. 




MCdCEU 


NIH2 CELL 


LIGHTWEIGHT FUEL CELL UNIT (FCU) 






2.2 ESS Perf ormanca RelationahipB 

Each ESS performance model consists of a myriad of specific relationships. 
To individually discuss each of these relationships listed in Appendices B, C, 
and p is not practical. However » certain hey relationships which give a 
general "road map*' for each model are discussed in the following paragraphs. 

2.2.1 Battery Performance Relationships 

Several key battery model relationships are discussed in conjunction with 
Exhibits 2-6^ 2-7* and 2-8. Exhibits 2^6 and 2-7 are for HiCd, while 
Exhibit 2-8 is for NlH^ cells respectively. The relationships are as follows: 

• Maximum Cell Life 

The relationship of POD versus Cell Life versus Temperature for a NiCd 
battery cell is shown in Exhibit 2-6a. This relationship was derived 
from Figure 1 of a paper written by Barry Trout of LBJ Space Center 
( Energy Storage for Low Earth Orbit Operations at High Power ) plus 
Figure 57 of NASA RP 1052 (Sealed Cell NiCd Battery Applications 
Manual ) . A comparedsle relationship for a NiH 2 Battery Cell is shown 
in Exhibit 2-8a. The NiH^ relationship was derived from the Barry 
Trout paper in conjunction with extrapolated data from the derived NiCd 
relationship. 

• Number of Cells in Parallel 

The basic ampere-hour balance equation for all battery systems is: 

Number Cells in Parallel x Cell Capacity x OOP x Capacity Pegradation ■ 

Voltage X Max jBclipse (Park) 

Period. 

• Cell Discharge Voltage ^ ^ ^ ^ ^ 

The relationship of cell discharge voltage versus POD versus charge 
current for a NiCd battery cell at 10*C is shown in Exhibit 2-6b. ' 

This relationship was derived from data in NASA RP 1052 (Sealed Cell 
NiCd Battery Applications Manual ). Other curves for different 
temperatures were also derived and used. For NiH^ model, these 
relationships were derived from Tyco Laboratories test data 









SUV3A 3311 AU3XXV8 


soy^HastdiOHUsa 




(Hvdroqfn Wickal B«q<n«ratlv Fu«l plus HcDonnsll Douglst data 

( Wlcksl Hvdroqsn Prototyps Call Evaluation Tasts ) . 

tlOTE: !Tha output from thase relationships are adjusted to EOi:* by 

multiplying the curve value by the voltage degradation factor* 

• Humber of Cells in Series 

The basic battery system relationships ist 

Number of Cells in Series ■ Required ESS Voltage « EOL Cell Voltage 

• Recharge Fractibn 

The relationship for the recharge fraction of a NiCd Battery Cell 
is shown in Exhibit 2~6c and a comparable relationship for NiH^ is 
shown in Exhibit 2'*8c. The NiCd relationship was obtained from NASA 
MSEC Report 40M22430 (The Apollo Telescope Mount Electrical Power 
System Post Mission Design and Performance Review) . The NiH 2 relation- 
ship was obtained from Roclwell Internaticmal test data published by 
AlAA in 1980 (T est Data Analysis and Application of Nickel Hydrogen 
Cells ) . 

• Cell Charge Voltage 

Exhibit 2-6d shows the relationship of charge voltage versus charge 
throughput Versus charge current for a NiCd Battery Cell. It should 
be noted that this relationship is actually three dimensional (e . g . , 
temperature is also included as shown in Exhibit 2-’7) . This relation- 
ship was obtained from NASA HP 1052 (Sealed Cell NiCd Battery Applica- 
tions Manual ) . A similar relationship for NiH^ is shown in Exhibit 
2-8d. This relationship was derived from ^co liaboratories test data 
( Hydrogen-Nickel Regenerative Fuel Cells) plus McDonnell Douglas data 
( Nickel-Hydrogen Prototype Cell Evaluation Tests ) . 

» Watt-Hour Efficiency 

Watt-ilo\ir Efficiency » Discharge Current x Discharge Voltage x 

Discharge Time ♦ (charge Current x Charge 


n 


Th« watt-hour afficiancy ia a function of diccharga |>owar (currant x 
voltaga ) , charga powar^ and tha dlacharga/charga parioda of tima 
a.g.^ Discharga Oiargy •» Charga Enargy) . It ahould ba notad that 
tha discharga and charga haat loads ara included in tha watt-hour 
efificiancy. Part of tho input charga enargy is lost as tha light 
period haat load} While the remainder is stored. In turn# part of 
the stored energy is lost as the dark period heat load) while the 
remainder is the output discharge energy. 

2.2.2 Fuel Cell Performatnce ItelationahipB 

Several key fuel cell model relationshlpg are discussed in conjunction with 
Exhibit 2-9, The source for the data in Exhibit 2-9 is the UTC Final Report 
FCR-1656 (Lightweight Fuel Cell Powerplant Components Program ). While 
Exhibit 2-9 applies only to fuel cell life and performance# it is also the 
basis for electrolysis cell . life/performance characteristics . As stated 
previously# the electrolysis cell performance is assimed to be a mirror image 
of the fuel cell performance with respect to the theoretical Gibbs free energy 
of a hydrogen-oxygen fuel cell. It should be noted# that the fuel cell unit 
(FCU) used in the fuel cell ESS model is the same as the two cell module 
(TCM) defined on pages 50-54 of the UTC report FCR-1656. This msuss that the 
FCU voltage in this report is 2x the unit cell voltage as defined by the UTC 
report. ■ ■ ■ 


• Maximum FCU Life 


As shown in Exhibit 2-9, the degradation of cell voltage varies with 
the operating current density. The data used is based upon BOL 
operation versus operation to 2500 hours at the same power level. 

Since the voltage is degrading during tiiis period of time, the current 
(e,g. , current density for a fixed cell active area) was increased to 
maintain constant output power. From this the model is constructed 
assuming (1) a constant current density and (2) a linear degradation, 
to EOL, at the same rate of degradation as the degradation from BOL 
to 2500 hours. 


U 











Voltaga vt CiirrMit at16 PSI and 82PC 



• WuwbT of FCU in WmtmUMl 


Th« basic currant balanca aquation for ail fuai call systams ist 

Numbar of FCU in Farallal x FCU Activa Araa x FCU Currant Dansity « 

ES$ Powar t ESS Voltaqa 

a FCU Voltaca 

Tha relationship of FCU voltage versus current density versus call life 
is shpvm in Exhibit 2-9. From this relationship « it is possible to 
project an FCU voltage at EOL for an axpectad FCU life and corraapond- 
ing currant density which is assumed to be constant throughout the 
entire FCU life. 

a Humber of FCU in Series 

The basic relationship is. 

Number FCU in Series " Required ESS Voltage •* EOL Cell Voltage 
a Total Number of ECU 

The basic relationship ist 

Total Number of ECU x Total H 2 Generation Per ECU ■ Total Nvnijer of FCU 

X Consumption Per 
FCU 

It should be noted that this relationship includes the efficiencies 
of both ECUs and FCUs which are inherent in the reactants generation 
and consumption rates respectively. 

a ECU Voltage 

The Ecu voltage is projected for EOL in a manner similar to the FCU 
voltage, except that the voltage which results from the cell degradation 
is shown in Exhibit 2-9 is added to the Gibbs free energy for the 
reactant combination of hydrogen and oxygen. The source for this 
methodology is UTC Final Report FCR-1656 ( Light Weight Fuel Cell 
Powerpiant Components Program ) plus General Electric Study ECOES-12 
(Electrochemical Cell Technology for Orbital Energy/' Storage ) . 

a Watt-Hour Efficiency 

Watt-Hour Efficiency " ESS Output Power x Dark Period Time ♦ (ESS 

input Power X Light Period Time ^ ^ ^ 

: ^ : 40 . 


Thil ealutlonihip for a f ual, call ESS syatam la aqulvalant to a almilar 
ralationahip for a battary ESS ayatam. Similar commanta partainin9 to 
tha diacharga <dark) and otuirga (light) pariod haat loadi apply aa 
wall. 

2.3 ESS Phyaical Charactegiatica 

Givan unit call parformanca* which in turn dataniinaa tha total numbar 
of unit calla> tha ESS phyaical charactariatica ara than darivad. To provide 
a baaia for compariaon batWaan tha diffaraht typaa of technology# aaaantiully 
tha aama ESS configuration* are hypothaaizad for NiCd, NiH 2 and fuel call 
aubayatama. Theaa configurationa ara diacuaaad in tha following paragrapha. 

2.3.1 Battery Subayatem Phyaical Charactariatica 

Tha ESS Battery WSS, which ia shown in Exhibit 2<-10# provides the 
"Skelton" for the NiCd auid Nifi^ ^ ESS configurations. The NiCd 
Hierarch/ and NiH^ Hierarchy Configturations are shown in Exhibits 2-11 and 
2-’ 12 respectively . The battery cells are tha basic building block. A battery 
module is a group of battery cells which are electrically and mechanically 
interconnected, a battery in turn is a group of Interconnected battery 
modules. The batteries are then integrated into an ^ergy Storage Subsystem, 
which is configured as an N-sided polygon with a variable length# depending 
upon the nunber of batteries. The Battery performance model determines the 
quantities of the various hardware items so that the resultant combination is 
reasonably optimized With respect to a weight versus voltsne packing density. 

2.3.2 Fuel Cell Subsystem Physical Characteristics 

The ESS Fuel Cell HBS and Fuel Cell/Electrolysis Hierarchy Configuration 
are shown in Exhibits 2-13 and 2-14 respectively. For this ESS configuration# 
the fuel cell unit and the electrolysis cell unit are the two basic building 
blocks. A fuel cell stack is a group of FCUs which are electrically and 
and roechanically interconnected. An electrolysis cell stack is a group of inter 
connected ECUs. A power module consists of a group of FC stacks and EC Stacks 
which are mechanically interconnected . A power channel Consists of a group of 
electrically interconnected FC stacks. It should be noted that the number of 



CrNMt 2-10. ESS MMUty WBS 










EMUt 2-13. ESS Fma Cett HWS 




FC stacks will not be equal to the number o£ EC stacks. The power modules » 
together with a common ancillary equipment assembly , are integrated into an 
Qiergy Storage Subsyst^, which is configured as an N^slded polygon* with 
variable length. The fuel cell performance model determines the quantities 
of the various hardware items so that the resultant combination is raasonably 
optimized with rbspect to a weight versus volume packing density* 

2.4 ESS Baseline Configurations 

The ESS baseline configurations were derived by exercising the respective 
performance models* with certedn basic ground rule assumptions which were 
common to all three models. For exan^le* mission requirements such as the 
orbit and the number of hardware life cycles were common for all LEO missions. 
For the purpose of this study, hardware life cycle is one set of hardware which 
is used and maintained in LEO over a given period of time* which is one segment 
of the total ESS subsystem life. In GEO there is only one hardware life cycle 
which is equal to the subsystem life* and no maintenance is performed during 
the cycle . A comparable set of mission requirements were common for all GEO 
missions. The power levels were sized at 25 kW, SO kW, 100 kW and 250 kW for 
LEO missions and 25 kW for GEO missions. Another basic ground rule wap that 
50 AH battery cells were used for all NiCd euid NiH^ ESS baseline configurations, 
while the same FCU and ECU were Used for all fuel cell configurations. This 
was done so that actual hardware which is presently available , representing 
state-of-the-art technology , would be used and comparedsle results between the 
baselines could be achieved. 

■ ■ ■ ". .i . 

2.4.1 NiCd Baseline Configurations 

Exhibit 2-15 svunmarizep fhe NiCd baseline configurations. It should be 
noted that this is a short ’•Table" version of a more complete and detailed 
"Chart" listinq of performance parauneters and physcial characteristics. A 
"Chart” listing for each baseline configuration is contained in Appendix E. 

Each chart listing also includes life cycle costs which are discussed in later 
sections of'''this -report. / 
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2.4.2 NiH 2 Baseline Configurations 

The NiH 2 baseline configurations are sunmiarized in Exhibit 2-16. The 
basic comment applies concerning the "Tables" version shown and the detailed 
"Chart" printouts for the NiH 2 baselines in Appendix E. The formats for the 
NiCd emd NiH 2 "Table" and "Chart" printouts are essentially identical to 
allow a detailed performance conparison of the two techniques. 

2.4.3 Fuel Cell Baseline Configurations 

The Fuel Cell/Electrolysis Cell baseline configurations are summarized in 
Exhibit 2-17. Again, a more detailed "Chart" printout for each baseline is 
contained in Appendix E. Fo;i: comparison with the NiCd and NiH 2 baselines, the 
FCU performance corresponds to the battery cell discharge performance and the 
ECU performance to the battery cell charge performance, while the Ancillary 
Eqx^pment is unique to the Fuel Cell/Electrolysis Cell ESS. 

2.5 ESS Performance Comparisons 

A performance comparison of the three different technology ESS baselines 
is shown in Exhibit 2-18. As can be seen, the NiH 2 battery cell provides 
almost twice the output of the NiCd battery cell due to the effect of DOD on 
cell life, which limits the maximum DOD of NiCd compared to NiH 2 . The NiCd 
cell is also considerably heavier which results in almost half the power 
density per cell compared to NiH 2 , It should be noted that the maximum DOD 
for the NiH 2 baselines is somewhat restrained because of the ground rule to 
have the same number of hardware life cycles for all three baselines. The watt 
hour efficiencies for the two battery baselines in LEO are very comparable. 

The difference in watt-hour efficiencies at GEO is partially due to a lower 
limit on the charge current for NiH 2 which is not included in NiCd. This 
difference in limits was due to the different data bases cmd the difference 
in methodology for determining the recharge fractions of the two ESS tech- 
nologies. (See Exhibit 2-6c versus Exhibit 2-8c) . 

The Fuel Cell Configurations are very con^arable with the NiH^ configura- 
tions, particularly for unit cell power divided by total ESS power density at 
LEO. It should be noted that the results for Cell physical density £md cell 




power density are for the fuel cells only. Hence ^ it is not really possible 
to compare these hunbers with the battery cell numbers because the battery 
cell includes both the fuel and electrolysis cell functions Plus the ancillary 
equipment functions. It should be noted that the fuel cell ESS life cycle 
costs are also very comparable to the NiH^ cost at LEO, which will be further 
discussed in Section 3, Note that the fuel cell ESS has a very distinct 
advantage at GEO compared to either battery ESS. 



NiH^ BATTERY ENERGY STORAGE SUBSYSTEM 



Exhibit 2~16. Basetime NiHj Battety ESS Emimetm and Cbm»curhtic$ 
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Exbibit 2-18. ESS Performance Comparitont 
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3.0 TOTAL LIFE CYCLE COST MODEL (LCCM) 


Th« puiqppM Of tlM LCCM is to (1) •itinuito the Life C^ole Cost (LCC) of 
the baseline Energy Storage Subsystems (ESS) and (2) evaluate the LCC of the ESS 
as the technology, perfonnance and physical characteristics parameters are 
varied through a range of values. The LCCM is integral with the ESS performance 
model in the sense that it accepts input parameter values as determined by the 
performance model. The relationship of the LCCM to the performance model is 
shovm in Exhibit 3-1. The input parameters cmsist generally of quantities, 
vreights, volumes, life, relisbllity, power output, and efficiencies i and the 
thermal load and solar array input power level as shown in the exhibit. The 
input parameters are specified in detail in Appendices B fi C for the Nlcd and 
NlH^ battery ESS and Appendix E for the fuel cell ESS respectively. 

The makeup of the LCCM is shown in Exhibit 3-2 which shows how the DDTSE, 
Production, OfiM and interfacing subsystems costs make uqp the total LCC. The 
makeup of the LCC is common to both battery and fuel cell ESS at all power 
levels and for both LEO and GEO missions. For the GEO mission, the training 
and maintenance functions Involve ground monitoring and control. 

3.1 LCCM Ground Rules and Assumptions 

The top level growd rules and assumptions used in the LCCM are listed 
below. Assumptions made which are peculiar to a particular phase, i.e., 

DDT&E, Production and OSM are presented within the discussion of each phase 
in later sections. 

Top Level Ground Rules /Assumptions 

• All estimated costs are in $1980 

• A dedicated factory facility supports DDTfiE, Production and OfiM. 

• The Production phase ends and OfiM begins at completion of ESS space 
deployment and checkout. 

• Shuttle and lUS flights are dedicated to the Space Services Platform 
System (SSPS) of which the ESS is a subsystem. 

PRECEDING PAGE BIANK NOT FILMED 
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3>2 gunctlonal Flow DiMrw 


Th« Mill for tlM LCCM atruot^uras ar# thi battavy aiid fual call work 
braakdown atruotuvaa (WBS) datcribad in Sackion 2t0. Tha WBS*a vara davalopad 
into tha functional flow diagrona ahown in anhibita aa tabulatadt 


Battary ESB Flow Diagrams 

DDT&E Exhibit 3-3 (Common) 

Production Exhibit 3-4 


OfiM 

Fual Cell ESS Flow Diagrama 
DDTtE 

Production 

OfiM 

Wherein# a a indicated# the DOTfiE 
both battery and fual cell ESS' a. 


Exhibit 3-6 (Common) 


Exhibit 3-3 (Common) 

Exhibit 3-5 
Exhibit 3-6 (Common) 

and OfiM functional flowa are common to 


3.3 DDT&E Phase of tha LCCM 

The DDTfiE flow diagrafn is ahown in Exhibit 3-3# and is 


appliczdile to both battery and fuel cell ESS. The DDTfiE cost equation it| 

$ DDCfiE equals the sum of 


$ Design and Development 

(DfiD) » Fl(l) 

$ Subaystem Test Hardware 

(STH) » FI (2) 

$ STH Assembly 

(STHA)- Fl(3) 

$ system Test C^erations 

(STO) - FI (4) 

$ Test Support Equipment 

(TSE) « PI (5) 

$ Systems Engineering and Integration 

(bEfil)- FI (6) 

$ DDT&E Management 

(MGT) - PI (7) 

Historical CEB's provide the basis for each 

cost element of DDTfiE. These 


equations were adjusted by sets of factors (one set for battery ESS and one 
set for fuel cell ESS) to take into account the economies of size and modu- 
larity# use of flight hardware for qualification testing where feasible# and 
degree Of complexity. The basic set of CEB equations are (in K$) : 





Exhibit 3-3. DDTScE Fumetiomal Flow 









EiMlnt 3-S. Fmd Cell ESS Productiom and Space Tramsponatiom/AstemMy Sc Cbeckomt Flow Diagram 



























Exhibit 3-6. OSM Fmmetiomxt Flow 




Fl(l) -044 [ESS Weight]®* 

Pl(2) ■ 989 [plight Hardware Cost) 

PI (3) » 217 [Pl(2)]’^®® 

PI (4) - 828 IPl(2)]*®®^ 

Pl(5) - 109 [Pl(l) -f Pl(2) + Pl(3) +P1(4)1^*®^® 

Pi (6) ■ 94 tPKl) + PI (2) + PI (3) + PI (4) + PI (5)1*®®® 

PI (7) - 131 [P1(D + PI (2) + PI (3) + PI (4) + PI (5) + PI (6)1 *®®® 


Where ESS Total Weight and Plight Hardware Production Cost are the 
inputs to the DDTSE equations. 

The DCCM computes the value of these equations based on the input values/ 
and then applies the sets of factors shown in Exhibit 3-7 to arrive at the 
final DDT&E costs. Appendices B thru D provide a complete listing of all 
LCCM CER's/ which are presented in computer symbology . 


3.4 Production Phase of the LCCM 


The production flow diagram is shown in Exhibit 3-4 for the battery 
ESS and in Exhibit 3-5 for the fuel cell ESS. The production flows corres- 
pond to the WBS's which are present in Section 2.0. 


The ground rules and assumptions which apply to the production phase of 
the LCCM are as follows: 

• Production of the ESS will be performed over a one-year 
period; the life of the dedicated factory facility is 
assumed as 20 years straight line depreciation to zero 
value. 
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COST 

ItlMCNT 

RATIONALE FOR FACTOR 

2SKW| 

60 kW 

100 kW 

260LW 

MD 

ONE FOWER CHANNEL -t- STRUCTURE, 
INTERFACES 

*50 

■ ' 1 
i 

.40 


.30 

.26 

STH 

UTILIZE FLIGHT HARDWARE. REFURBISH 
FOR FLIGHT 

.36 

46 


.36 

.20 

8THA 

UTILIZE FUGHT HARDWARE, REFURBISH 
FOR FLIGHT 

M 

.20 


.20 

.20 

STO 

not NECESSARY TO PERFORM ALL TESTING 
AT ALL-UPS/S LEVEL 

*40 

.36 


.30 

.26 

TSE 

LESS COMPLEX, SOMEWHAT OFFSET BY NEED 
FOR I.F.SIMUL. USED FOR ACCEPTANCE 
TESTING 

,60 

.45 


.40 

.36 

SE&I 

LiSS COMPLEX, SOMEWHAT OFFSET 
by INTERFACE PROBLEM 

.60 

.46 


.40 

.36 

MGT 

LESS COMPLEX. SOMEWHAT OFFSET BY 
INTERFACE PROBLEM 

.60 

.45 


.40 

.35 


BATTERY SUBSYSTEMS COST ADJUSTMENT FACTORS 


COST 

ELEMENT 

RATIONALE FOR FACTOR 

26 kW 

60kW 

100 kW 

260 kW 

D&D 

ONE POWER CHANNEL + STRUCTURE, 

interfaces, common tankage 

.80 

.65 

SO 

,45 

STH 

UtIUZE FLIGHT HARDWARE, REFURBISH 
FOR FLIGHT 

.45 

.46 

.40 

.30 

STHA 

utilize FLIGHT Hardware, refurbish 

FOR FLIGHT 

.20 

.20 

,20 

.20 

STO 

NOT NECESSARY TO PERFORM ALL TESTING 
AT ALL-UP S/S LEVEL 

.50 

.45 ! 

.40 

i .35 

TSE 

LESS COMPLEX, SOMEWHAT OFFSET by NEED 
FOR LF. SIMUL. USED FOR ACCEPTANCE 
TESTING r 

.50 

.45 

,40 

.36 

SE&r 

LESS COMPLEX, somewhat OFFSET 
BY INTERFACE PROBLEM 

.50 

.45 

.40 

35 

MGT 

LESS COMPLEX, somewhat OFFSET BY 
INTERFACE PROBLEM 

.50 

.45 

.40 

.35 


FUEL CELL SUBSYSTEMS COST ADJUSTMENT FACTORS 
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• Factory direct labor is aaaimed to be $20 per hour. 

• Astrbnaut labor is computed at $250 per hour which includes all burdeni. 

• The production cost development procedure and the wraparound percentages 
(O.M. , burden r etc.) are as shown in Exhibit 3-8. 

The following sections discuss the battery ESS production costs (3.4.1) 
and the fuel cell ESS production costs (3.4.2). 

3>4.1 Battery ESS Producticn Costs 

The production of the battery ESS consists of cost elements F0 (1) through 
F0 (9) t I 


Cell Unit Costs (NiCd or NiH^) (Included in F0(2)) 


F0 (1) - 

F0 (2) Cell Matching costs (includes F0 (1)} 

F0 (3) « Battery Module Assembly Costs 
F0 (4) ^ Power channel Assembly Costs 
F0 (5) « Subsystem Assembly Costs 
F0 (6) ■■ Acceptance & '^ansport Costs 
F0 (7) <■ Prelaunch & .Integration Costs 
F0 (8) > LEO or LEO/GEO Space Transport Costs 
F0 (9) ■Space Deployment and Checkout Costs 

The following sections discuss each of the 2d3ove cost elements. 

F0 (2): Battery Cell Matching (includes F0(D) Costs 

This functional element consists of (1) the purchase of battery 

cells (F0 (1) : NiCd or NiH 2 cells) • (2) acceptance inspection f test 
and matching of accepted cells, and (3) preparation of cells 

for integration into battery modules. 

• LeOsor cost « $340 per cell, or 
in $K, » .340 (N4)(P0(D) 

where N4 “total number of cells 

.0014 F material burden factor 

F0(1) “cell unit cost 

For NiCd, in dollars ^ ^ ^ ^ ^ ^ ^ 


F0(1) 


(.0414(d) + 3.123 (Cl) + 700)*N4 A - .1047 
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Ett PRODUCTION COST 


UlOII 

• DIRECT LABOR (0/U $20/MH 
> FRINGES MOK D/L 

. OVERHEAD •126HD/L 

• 00C«10%0/L 

LABOR subtotal 


TOTAL MANUFACTURING 

• 8/TLApOR 

• S/T NON-LABOR 

MANUFACtURING S/T 

« PROJECT MGTIPMI 96.8% 
OF MANU.S/T 
» SYS. ENGi (SE) 94.8% 

OF MANU. S/T 
- GAA915%OF 

MANU.4-PM4'SE 


NON-LABOR 

• MTLS. A COMPS (MAC) 

- MAC BLJRDEN % MAC 

^ EQUIPMENT (EQ) 

» EQ MAINT. 97 % EQ 

• SPCLEQ 

• SURFACE TRANSPORT 

Non-Labor subtotal 


SPACE TRANSPORT (A DEPLOYMENT) 

• 8HUTTLE/IUS 

• SPACE ASSY A C/0 

(S280/MH) 


SUBTOTAL 


FEE 910% 


TOTAL PRODUCTION 

• TOTAL MANUFACTURING 

• TOTAL SPACE TRANSPORT 

TOTAL 


UQEND 


MH • 

MANHOUR 

D/L I- 

DIRECT LABOR 

OH i- 

OVERHEAD 

ODC - 

OTHER DIRECT CHARGES 

EQ - 

EQUIPMENT 

Spot * 

SPECIAL 

S/T - 

SUBTOTAL 

C/0 - 

CHECKOUT 

PM - 

PROJECT MAN AGEMENT 

SE - 

SYSTEMS ENGINEERING 



Exhibit 3-8. Production Cost Dev^opment Procedure 




For NiH 2 in dollars 

F0(1) -(2v0 Cl + 1000) (N4 A - .1047) 

• Process Equipmsi^t cost ■ $727K 

In the cost' estimating relationship for F0(2) is: 

F0(2) - .34 (K4) + .0014 (N4) (F0(1)) + 727 

where N4 > Total number of cells 

F0 (1) ■ Battery cell unit cost 
Cl > Battery cell capacity 

F0 (3) I Battery Module Assembly Coats 

This functional element consists of (1) integrating the battery 
cells into battery modules both mechanically and electrically, 
(2) performing functional tests and Inspections, and (3) pre- 
paring the modules for integration into the power channel 

assembly. 

e Labor Costs $250 per cell, or in $K, 

- .250 (N4) 

i MSC Costs " $130 per cell unit weight, or in $K 

- .130 (N4) (S4(l)) 

e Process 
Equipment 

Costs >■ $1049 

The overall Battery Module cost eluent , F0(3), is (in $K) : 

F0(3) - .25 (N4) + .13 (N4) S4{1)) +1049 

where N4 « number of cells, and 

S4(l) ■ cell vnit Weight (kg) 

F0 (4) : Battery Power Chamnel Assembly Costs 

This functional element consists of (1) mounting the required 
nximber of battery modules on the structure/heat sink plate, 

(2) performing mechanical amd electrical Interconnections, (3) 
mounting the P^ charger and BRPC components and making the 


n«c«asary machanical and alactrloal Intarconnactiona* and (4) 
tasting tha assamblad powar channal aiactrlcally and structur- 
ally using intarfaca simulators for tha solar array and thormal 
control subsystams. 

a Labor Costs • $165 par modula par channal unit vraight 
or, in K$ - .165 (N2) (U) (S4(2)) 

a Msc Costs ■ $540 par modula par channal UKiit waight 
or, in K$ - .54 (N2) (U) (S4(2)) 

a Process 

Equipment • $607K 

The overall Power Channel cost element, F0(4) , is (in $K) t 

F0(4) « .165 (N2) (U) (S4(2)) + .54 (N2) (U) (S4(2)) + 607 

where N2 ■ Nimiber of power channels 

U ■ Number of battery modules per power channel 
S4(2)> Weight of battery module 

F0 (5); Battery Subsystem Assembly Costs 

This functional element consists of (1) mechanically and electri 
cally connecting the power channel assonblies into the ESS sub- 
system assembly, (2) testing the subsystem as am entity using 
interface subsystem simulators (SAS, TCS) and (3) preparing the 
ESS for acceptance by the procuring agency . At this level, 
assembly jigs will be used to check the ESS for meeting proper 
tolerances for mounting in the Shuttle bay. Mass properties 
will be measured and documented. 

e Labor Costs ■ $120 per channel unit weight , or in 
K$ - .320 * (N2) * [S4(6)l 

e M&C Costs B $52 per chamnel unit weight, or in 
K$ - .52 * (N2) * [S4(5) S4(6)] 

• Process 
Equipment 

Costs > $1329K 


Th« overall ESS iubeysten aaienbly coat element » F0(5)> is 
(in $K) t 

F0(5) - .172 (N2)[S4(5) t S4 (6)1 % 1329 

Vhere N2 ■ Nunber of power channels 

S4 (5) ■ Height of power channel assembly 
S4(6) ■ Height of power channel interfaces 

F0 (6){ Battery Subsystem Acceptance and Transportation Costa 

This functional element consists of (1) a complete subsystem 
functional test with data evaluation and documentation ^ (2) a 
complete quality assuremce review, (3) cleaning and preparation 
for shipment and (4) shipment to the launch site. 

• Labor Costs ■ $320 per cell unit weight 

or, in $K ■ .320 * N4 

e MSiC Costs ■ $45 per subsystem total weight 
or, in K$ - .45 * S4(7) 

e Process 
Equipment 

Costs • $694K 

The overall ESS Acceptance cost element* F0 (6) , (in $K) 

F0(6) - .32 (N4) + ,045 (S4(7)) + 694 

where N4 *■ Total number of cells 
S4(7) « ESS weight (Kg) 

F0 (7) ; Battery Prelaunch Integration and Checkout Costs 

This functional element consists of (1) receiving inspection 
and Chcsckout prior to Shuttle (or Shuttle/lUS) integration, 

(2) Shuttle (or Shuttle/IUS) integration, (3) prelaunch moni- 
toring of subsystem parameters, and (4) launch. 

• Labor Costs ■> $39 per subsystem weight, (in kg) 

y in $K - .039 (S4(7)) 


• M&C Co»ts - N4igliglbl« 

• Equipment 

Costs p $60K 


The ovetall prelaunch integration and checkout cost element # 

F0<7), is <in $10 1 

P0(7) p .039 (S4(7)) + 60 

where S4(7) ■ ESS weight (kg) 


F0 (8) t Battery Space Transportation Costs 


This functional element consists of 

A. Transportation to LEO by Shuttle , or 

B. Transportation to LEO/GEO by Shuttle/IUS 


A. Transportation to LEO 1444 km, 56* incl.): 


The cost of transportation to LEO is $1990 per kg* if weight 
constrained; adjusted by the factor, K6, if volume con-* 
strained. K6 is applied only for the condition that, 

K6 - 14.1i^6 (ESS Length <t ESS Weight >1 (else K6 - 1) 

The LEO cost equation (in $K) is t 

F0(8) LEO p 1.99 (S4(7)) (K6) 

where S4 (7) p EsS weight (kg) 

B. Transportation to UBO/GEO by^^^^ (twin stage) s 


* Source: 
#* Source: 


The cost of transportation to LEO/GEO by Shuttle lUS is 
developed as follows: 


e Basic Data: 

— Space Shuttle to 160 N.M.: 

- Cost of 2-stage IU5: 

- Weight of lUS: 

- lUS F/L Capability : 


$1100/kg* 

$11.58M (1980)* 

14,515 kg** 

2270 kg to GEO (from 
160 N.M. LEO)** 


"Methods of Estimating euid Evaluating the Cost Impact of Shuttle 
Charges for GSFC Payloads” PRC/Contract NAS5-22699, dated 4 May 1979. 

*STS Space Transportation Handbook," JSC, June 1977. 
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• weight to LEOt 

■ subsysttm woight lUS Wilght 

■ (S/S WT) + (14,515 ♦ 2270) (S/S WT.) 

» (S/S WT) (7.4) 

• Coit to iEO (in $K) t 

- (l.l) (7.4) (S/S WT) (K6) 

- $.14 (K6) (S/S NT) 

• Cost from LEO to GEO (In $K) i 

« (11580 « 2270) (S/S WT) 

» 5.1 (S/S WT) 

• Total cost to LEO/GEO (in $K ) t 

- (S/S WT.) [(5.1 4 $.14 (K6)] 

The LEO/GEO cost equation is (in $K) 

F0($) LEO/GEO - S4(7) [5.1 4 $.14 (K6)] 

Where K6 * 14.136 (ESS Length * ESS Weight) >1 else K6 - 1 
S4(7) ■ ESS Weight (kg) 

LEO Space Deployment and Checkout Coats 

This functional element consists of (1) deploying the ESS from 
the Shuttle bay, (2) translating and connecting the ESS to the 
SSPS structural RK3wt> (3) mechanically interconnecting the ESS 
to the other subsystems (SAS, TCS, PDCS, (4) performing pre- 
mate electrical checks, (5) electrical mating and (6) all up 
subsystem/system checkout. 

^ e Labor Costs ■ $11 per )cg ES$ 
or in $K ■ .011 ($4(7)} 

The overall LEO Deployment and checkout cost element, F0(9) is 
(in *$K) s 

F0(9) » .011 (S4(7)) 

where S4(7) • ESS weight (kg) 
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3.4.2 fyl C<11 ESS Production Coiits 


Th« pi^uetion of th« £u«l call ESS conslata of coat alamanta F0(1) through 
F0(12) 

F0 (1) > Fual Call unit (FCU) unit coat 

F0(2) ■ Elactrolyaia Call Unit (ECU) unit coat 

F0(3) > Fual Call Stack (FCS) coata 

F0(4) ■ Elactrolyaia Call Stack (ECS) coata 

F0(5) w Ancillazy Equipmant (AE) coata 

F0(6) ■ Fowar Channel Aaaanbly (pca) coata 

F0(7) H Subayatam Aaaambly (S/SA) coata 

F0(e) ■ S/S Accaptanca fi Ground Tranaport (AfiGT) coata 

F0(9) ■ Pralaunch Intagtation a Chackout (PiaC) coata 

F0(io)* liEo franaport (leg x) coata 

F0 (11)>> X£0 Daploy f Checkout (LEO DfiC) coata 

F0 (12) ■ GEO Tranaport (GEO X) coata 

The following aections provide the rationala and ralationahipa 
for each functional oleiiient of the Production coata. . 

F0 (1): Fuel Cell Unit (FCU) Unit Coat 

• A fuel oell unit (FCU) ia an entity which la combined with addi- 

tional FCU'a to form a fuel cell atack (FCS). The number of 
FCU'a in an FCU la determined by the voltage output required. 

The output curront of the FCS ia determined, by the active area 
of the electrode, Cl* The baaic performance and phyaical char- 
acteriatica of the FCU have been baaed on the light weight fuel 
cell under development by UTC and NASA MSFC. 

The Shuttle fuel cell providea a baaia for the FCU coat* 

Thia baaia muat be adjuated for level of aaaonbly and technology. 
The a/erage coat of the Space Shuttle fuel cell can be derived 
from Rockwell firm propoaal, "Orblter Production Increment 3A'', 
Volume VII r (Pratt fi f^tney subcontract) . Theae coata are 
ahewn below for 9 F.C. unita, and the adjuatmenta made for year 
dollars, average unit coat a> and aaaembly level and technology 
adj'uatments. ' 


n 


A. Year 

Costs ($M) 

Factor For 
Escalation 

1980$ 

78 

1.381 

1.222 

1.688 

79 

1.343 

1.115 

1.497 

80 

.883 

1.000 

.883 

81 

.230 

.891 

.205 



TOTAL, 9 Uhits 

4.273 

B. unit Fuel Cell cost ■ 

.475 $M/unit 



C. Unit Fuel Cell power » 12.5 kW (max. power) 

D. Cost per kilowatt ■ >038/kH 

E. Assvme hypothetical « FCU costs $.038M/kW 

F. AsSvme the hypothetical FCU* s costs are 2/3 of the complete 
FC and that this is offset by technology considerations. 

G. Therefore, for a .206 kW FCU (IFCU ■ ITCM ■ 1/17 * 3.5 kW) 

C (FCU, 1st Unit) ■ $7828 


The average cost of FCU* s C(FCU, AVG) are subject to quantity 
savings because of learning. A learning curve of 90% is assumed. 
From established formulae for learning, 


C(FCU, AVG 


F0 (1) » 


C (FCU, 1st Unit) 


1 

1+b 


X 


(Nl) 

(Nl) 


(1+b) 


where for 90% learning, , 

b “ logic (.9) ♦ .30103 ■ .152 

(1+b)"^ = 1.18 

Therefore, 

. ...848 

C(FCU, AVG) » c (FCU, 1st Unit X ■ ■ 

» 7.828 X 1.18 (Nl)"’*^^ ($K) 

» 9.237 (Nl)“' ($K) 

Further adjustment is required to consider savings in per unit 
cost due to FCU active area. Cl. The baseline FCU active area, 
Cl(l) is .25 ft. 2 m 232.26cm^. The larger the FCU active area, 
the fewer items which require hauidling, cutting, etc. Assuming 
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a slopa of 0.8r then* 


C(PCU, AVG) - 9.237 X 


In $K^ the CER for P0(1) isi 


P0(1) - 9.237 Id/ 232. 26] ’^ x (Nl) 


where Cl ■ ECU Area 


Nl • Total NuRiber PCU 


Electrolysis Cell Unit (ECU) Coat 


An electrolysis cell unit (ECU) is an entity which is combined 
with additional ECU's to form an electrolysis cell stack « (ECS). 
It is defined as a reverse PCU* (see F0(1)). 


The same basic cost estimate rationale is used as for the 


PCU. Also^ the same cost equation applies as for the PCU except 
that the ECU active area is now C2, and the number of ECU's is 


N2. In $Kt 


P0(2) - 9.237 IC2 / 232.261 ‘ X (N2) *’ 


where C2 ECU Area 


N2 ■> Total Nvinber ECU 


Fuel Cell Stack (PCS) Cost 


This function consists of the assembly and test of the PCS's. Por 
each PCS the individual PCU's are interconnected/ electrically 
and mechanically to form the basic stacks. These interconnects 
involve the electrodes, the and ©2 and H 2 O ports, amd the 
stack coR^resslon lugs. The thermal control components and con- 
densers are added to the stacks. Then, the stack housings are 
added, aind each stack assembly is subjected to functional testing 
using simulation equipment which provides variable electrical 


load, the required O amd H_, the H-0 interface, emd the requited 


Awcsva P '••SAC f | cuiva uair? 

variable heat sink. The simulation equipment also measures all 


pertinent parameters such as current, voltage, temperature, gas 
amd liquid flow rates. Once the integrity of the stacks is 





sstabllshed, the completed stack is subjected to a vibration emd 
stock test at proof levels » (operational levels plus 30 %) , with 
the simulation equipment operating and recording, A thorough data 
analysis and physical Inspection is made and results are logged 
for each of the stacks by serial number. (Earlier ^ logs are also 

estedslished for each FCU by serial mmber and stack location*) 

The costs included in this element include the (1) cost of 
the basic FCU's for the total subsystem, (2) the manhours required 
for assembly, test and inspection, and data records, and 
(3) the process equipnent consisting of stacking jigs, handling 
equipment, simulation equipnent and recording, computation amd 
print-out of data. 

The cost of the subsystem FCU's is the average unit cost, 

F0(1) times the nimibers of FCU's required for the subsystem, Nl 
or, F0(1) X (Nl). 

The labor manhours are assixned to be both a function of 
numbers of FCU's (Nl) and the total weight of FCU's, (Nl) (Wl). 

At 3.33 manhours/FCU and 1.73 manhours/kg; 

Cost (labor *. 25 (Nl) + .13 (Nl) (Wl) . 

The cost of materials and components is basically the cost 
of FCU's (Nl (F0(1)) times 1.1 to cover cost of housings, mis- 
cellcuieous mechwical and electrical interconnects and interface 
hardware. 

Cost (MfiC) » 1.1 (Nl) (F0(D) 

The cost of process equipment is based on historical data and 
engineering judgment. 

Cost (P.E.) » $525,000 

In $K, the overall cost relationship for the FCS function is: 

P0(3) - .25(N1) + .13(N1)(W1) + 1.1 (Nl) (F0(D) + 525 

where Nl = Total Nun^er FCU 
Wl « FCU weight 

F0(1) » FCU total production cost 
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Blactrolvsis Cell Stack (ECS^ Cost 


This function consists of the same operations as for the FCSf 


(F0(3)) except that the simulator will provide input power, simU'- 


la ting the solar array /P chargers* 


The development of the cost estimate is identical to that 
for the FCS, except the numbers of ECU’s symbol is N2> the ECU 
weight is W2, and the unit cost is F0(4). Therefore, in $K: 


F0(4) - .25 (K2) .13 (N2) (W2) + 1.1 (N2) (F0(2)) 't- 525 


where M2 «■ Total number ECU 


M2 - ECU weight 

F0 (2) « ECU total production cost 


Fuel Cell Power Module Assembly Cost 


This function cOnsxsts of (1) mouhting FCS and ECS modules 


and P chargers on the thermal control active radiator (which 
serves as heat sink as well as the subsystem structure) , (2) 
interconnecting, mechahically and electrically, the FCS modules 
and the ECS modules, (3) preparing the| and and H^O inter- 
faces for mating (in the next production function) and (4) func- 
tionally testing each power channel. She testing will consist of 
simulating power input to the ECS modules, power output from 


the FCS module, 0^, and H 2 O feed, and thermal control functions 


These functions are performed on each of the M electrical power 


modules. 


Logs will be maintained by component serial number of all 
inspection/test data. ■ 


It is estimated that 2.2 technician and inspection manhours 
are reguired per kg of weight to perform the functions described 
above. The cost of 2.2 manhours, at $2d/mh is developed as 


follows: 









2.2 mh/kg x $20/mh 
Fringe @32% 

O.H. @125% 

O.D.C. @10% 


5 44/kg 
14 
55 
4 


Iiabor S/T 
Pgm Mgt @5.8% 

SEfil @4.8% 


$117 

7 

6 


G&A @15% 


$130 

20 


S/T 


Fee @10% 


$150 

15 


$165/kg 


TOTAL 

The cost of labor is. (in $K) : 

C (labor ) - ( . 155 ) x J 013) (W3) > (N4 ) (W4 ) ] 


It is estimated that the cost of materials and components 

3 


is $540 per kg of FCS amd ECS weight. This cost covers the P 
chargers, the thermal active radiator control, miscellaneous 
thermal control lines, valves and control components (sensors 
and actuators), miscellaneous mechanical amd electripal inter- 
connects and gas and water lines required to provide interface 
with the AE. The cost of M&C is. in $K: 

•C (MfiG) • . 54 [ (N3) (W3) + (N4) (W4)J 
The cost of process equipment for this is estimated as 
$607,000. The total cost estimate for this function is. in $K 
F0(5) ■ 200 * N5(l) A .848 + .705 X ( (N3) (W3) + (N4) 
where N5 (1) » Number of P^ chargers 
N3 » Total PC stacks 
W3 » Average FC stack weight ^ ^ ^ ^ ^ ^ ^ 

W4 ■ Average EC stack weight 


1+607 


F0 (6) ! Fuel Cell Ancillary Equipment (AE) Cost 


This function consists of (1) the procsrement, manufacturing 


and assembly of the common K^/O^/H^O tamk, valves , pumps, com- 


pressors, tubing and mainifolds and miscellaneous hardware, and 
(2) testing and inspecting of the subassembly prior to s\jbsystem 
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assembly. The testing will require simulation equipment and proof 
pressure testing to assure subassembly physical and functional 
integrity. Test logs will be maintained by component serial 
number. 

The basis for the cost of the ancillary equipment (AE) is 
the STS Orbiter Propellemt Reactamt Storage and Distribution 
(PRSD) assembly of the electrical power subsystem. The PRSD 
subcontract cost for vehicle 3 was $840,000 in 1978 dollars. This 
assembly provides the Orbiter fuel cells with 0^ and system, 
and it stores 0^ and crogenically. Also, the PRSD is sized 
to hold approximately seven days of reactants at a use rttte of 
7 kW, or 1176 kwh. This gives $840,000 ♦ 1176 kwh ■; $714;/kwh. 

The following adjustments ate made to this cost parameter. 


PRSD 

Cost 

Factor 

Adjusted Cost 
Parameter 

1978 dollars 


$ 714/kwh 

1980 dollars 

1.18 

843 

Cryogenic, not gas 

.70 

590 

No electrolysis 

1.70 

1003 

Comparatively short life 

7.00 

$ 7021/kwh 


The basic cost relationship of $7021 /kwh is used for the*ESS. 

This basic cost represents a baseline tank pressure of 63 kg/cm^ 

2 2 

for 0^ and 18 kg/cm for H^,, or an average 41 kg/cm , and a system 

weight (dry) of 598 kg. To adjust for variation in weight and 

pressure, both of which are cost drivers, the cost relationship 

2 

becomes $.29 per kwh per kg/cm per kg. 


An estimate of $50,000 for the 25 kW sxibsyst^ is made for 
the cost of the simulation and pressure test equipment and for 
assembly jigs and handling equipment. 

The cost ralationship for this cost eljement is, in $K: 
P0(6) » .0175 X P7 X (P6(l)/28.12) A . 6 ] x [ (L3/43830) A .9] 
where P7 ■ Total ESS output power (W) 

P 6 ( 1 )>H 2 storage tank pressure 

1.3 ■ Expected punqp life 
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P0 (7) ! Fuel Cell Subsystwi Assambly Cost 


This function consists of the assembly and testing of the complete 
subsystem. The assembly consists of (1) structurally connecting 
the power channel thermal plate/structures together to fpm the 
polygonic-shaped subsystem structure, and attaching the stiffener 
plates and thermal control channel interconnects, and (2) instal- 
ling the A6 assembly and makin? the necessary electrical, gas 

3 

and water interconnections to the FCS, ECS and P components. 

The subsystem will be serviced with the required amount of 
reactants. 

Testing Will consist of operational simulation of solar 
array power, load, and environmental conditions. The environ- 
mental condition simulation will Include shock, vibration, and 
tharmal/vacuum conditions expected in space transportation and 
mission operations. 

Inspection/test data will be taken and analyzed before and 
after the environmental testing. Again logs will be maintained 
on all coiv>onents as required. 

It is estimated that 1.17 technician, inspection and engi- 
neerinq manhours are required per kg of weight to perform the 
functions described above. 

C (labor) - .087 (W7) 

The cost of materials and components is estimated to be $85 
per kg. of sidssystem weight. This cost covers the miscellaneous 
hardware required to interconnect, mechanically and electrically, 
(1) the power channels and (2) the AE with the power channels, 
including the reactants. In $K: 

C (MfiC) » .085 (W7) 

The process equipment includes jigs, fixtvures and handling 
equipment and the test equipment and facilities required to 
perform the required vibration, shock and thermal/vacuum tests. 

The cost is estimated to be $1,329,000. In $1C: 


19 



C (P.B.) » 1,329 

The total cost estimate for this function is, in $Kt 

P0(7) - .087 (W7) + ,085 (W7) +1,329 

where W7 ■■ Total ESS weight 

♦ 

1 j 

P0 (8) I Fuel Cell Acceptance and Transportation Cost 

This function consists of (1) running a series of subsystem 
operational and environmental simulation tests, (2) a thorough 
review of all test/lnspection data by the contractor and by 
the procuring agency, and (3) final cleaning and preparation 
for shipment to the launch site. 

It is estimated that 4.27 mh per (PCU + ECU) and 2 roh per kg , 
of AE will be required for test and data collection and analyses , 
and subsystem handling during test and in preparation for ship'* 
ment. At $75/manhour, the ladjor cost equation in $K is: 

C (labor) > .32 (N1 + N2) + .150 (W6) 

The cost of special equipment (transport cannister) is esti- 
mated as $43 per kg of subsystem weight. In $K: 



C (S.E. ) - .043 (W7) 


The cost of process equipment is estimated tO be $694,000. 

The cost of Earth transport is typically $2/kg of weight shipped. 

The total cost estimate for •this function is, in $K: 

F0(8) » .32 [(Nl + N2) 1 + .15 (W6) + .045 (W7) + 694 
where Nl * Total number of FCU 

N2 » Total number of ECU ^ ^ ^ ^ ^ ^ ^ ^ I f 

W6 “ Ancillary equipment weight (kg) 

W7 » Total ESS weight || 


F0 (9) ; Fuel Cell Prelaunch Integration and Checkout Cost 

This function consists of launch site activities up to actual 
launch. The activities include: (1) launch site receiving 

inspection, (2) pre- integration functional tests and 

80 



r ^ 

H if 

1,1 


fl 








preparations for Shuttle integration, (3) Shuttle integration, 

(4) pre>launch integrated checkout, and (5) final servicing and 
launch countdown subsystem monitoring. 

From historical data, prelaunch integration and checkout 
(or launch operations) requires .52 manhours of technician and 
QA labor per kg of subsystem weight. In $K: 

C (labor) » .039 * W7 

The cost of handling and testing equipment is estimated to 
be $60,000. 

C (P.E.) - 60 

The total cost estimate for this function is, in $K: 

F0(9) - .039 (W7) + 60 

where W7 “ Total ess weight (kg) 

F0(1O) : LEO Space Transport Cost 

This function consists of delivery by Space Shuttle of the BSS to 
LEO (444 km, circular, 56° inclination). 

For delivery to this orbit by Shuttle the cost of $31M 
provides a total payload capability of 15,578 kgs, or $1990/kg. 

C (LEO XPORT) « (1.99) (W7) (K8) 

where K8 applies if, 14,136 (S7(l)) "* (W7) > 1 else K8 ■ 1 

K8 ■ Wt./Vol. determinant 
S7(l) ■ Subsystem length (Cm) 

W7 « Total ESS weight (kg) 

F0 (11) : Fuel Cell Space Deployment, Checkout Cost Estimate 

This function consists of the deployment of the ESS (LEO mission 
only) from the Space Shuttle, performing any necessary assembly 
of the subsystem, integration of the subsystem with the SSPS and 
performance of final subsystem ^md integrated system checkout to 
verify operational readiness. This is a manual operation as 
opposed to automated. 
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It is estimatsd that .044 manhours par kg of astronaut 
asssmbly and inspection time will be required to perform the 
assembly and checkout functions. At $250 per mh« in $K, the 
cost is, 

P0(11) - .011 (W7) 

W7 • Total ESS weight (kg) 

F0(12): LEO/GEO Space Transport Costs 

For delivery to GEO by Shuttle/IUS the costs are developed as 
follows; 

e Shuttle costs to LEO (160 N.M.)* » $1100 Aq 
e Two-stage lUS, cost* ■ $11. 58M 
e Wt of lUS** - 14,515 kg 

e lOS payload** • 2270 kg to GEO from 160 N.M. 

Assume that ESS will share the lUS with other subsystems/ 
coiiq)onents of the GEO SSPS. The weight to IjBO (160 N.M. ) by 
the Space Shuttle is: 

W (LEO), 160 N.M.) - W (ESS) + W (lUS) 

Under the sharing assumption, 

W (lUS) «> (14,515 * 2270) ( W(ESS) I 

Therefore, 

W (LEO, 160 N.M.) » W(ESS) (1 + 6.4) 

» 7.4 ( M(ESS) ) 

The cost to LEO, in $K: 

C (LEO, 160 N.M.) - (1.1) (7.4) (W(ESS)) 

- $8.14 (W7) 

* "Methods of Estimating and Evaluating the Cost Impact of Shuttle Charges 
for GSFC Payloads", PRC/GSFC Contract NASS- 2 2699, dated May 4, 1979. 

**"STS Space Transportation Handbook", JSC, June 1977. 
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The cost to GEO from JMQ, in $Kt 


C (GEO) - 511,580 ♦ 2270 • $5,1 (W7) 
The total cost to GEO, in $K: 

C (GEO XPORT) - 13.24 (M7) 

Finally, in $K: 

F)l(12) - (W7) (5.1 + 8.14 (K8) ) 
where K8 - 14.136 (S7(D) ♦ (W7) > 1 
else K8 ■ 1 

K8 ■ Wt./Vol. determinant 
and S7(l)" Subsystem length (cm) 

. W7 « Total ESS weight (kg) 


3.5 O&M Phasa of the LOOM 

The OfiM flow diagram is shown in Exhibit 3-6, and is applicable to both 
battery and fuel cell ESS. 

The assumptions made in developing the OfiM CER's were: 

e The LEO SSPS/ESS will be operational for thirty years, 

e Overhauls will be accomplished periodically at the battery mgdule, 
fuel cell stack (FCS) and electrolysis cell stack (ECS) levels (of 
assembly) by astronaut technicians. 

• Scheduled (preventive) maintenance will be performed by astronaut 
technicians. 

• Unscheduled maintenance will be performed based on random failure 
rates . Repair will be limited to the module or stack levels (as 2 dx>ve) . 

• Cost of training will be $250,000 per OSM trainee. Astronaut attrition 
will be 25% per yeau:. 

• Each astronaut round-trip to space, is based on 600 kg per astronaut 
(includes life support, equipment and expendables) 

• Astronaut costs will be $250 per hour; a six hour work day and 5 day 
work week are assumed. 


' 4»ddgl' i. . 


• Maintananc* manhouea saquirad will ba as shown in tha following tablat 


Maintananca Manyaars Raqulrad 


Battary ESS 


Fual Call ESS 


Pravantiva Maintananca (par yaar) .002 par Modula 


.144 par 72 PCS 


+ ECS 


Random Failures (par year) 


.001 par Module 


.032 per 72 FCS 


+ ECS 


Overhaul (per overhaul) 


.0015 per Module 


.324 per 72 PCS 


ECS 


• Space Transportation of astronauts and spares will be based on $1990 
per kilogram to KEO, (444 km» 56° inclination) . 


The GEO SSPS/ESS will be operational for 5 years « with ESS monitoring 
and control acconplished by an earth-based engineering function. 


The following sections discuss the battery ESS O&M Costs (3.5.1) and the 
fuel cell ESS costs (3.5.2) . 


3.5.1 Battery ESS OSM Costs 


The OSM of the battery ESS consists of cost elements F2 (1) through F2 (4) 


F2 (1) ■ OSM Spares Costs 

F2(2) •= OSM Training Costs 

F2 (3) » OSM Maintenance Functions Costs 

F2 (4) ■ OSM Space Transportation Costs 


The following sections discuss each of the above cost elements 


F2 (1) : OSM Spares Cost 


This fimction consists of the production of spare battery modules 
to support (1) periodic space overhaul and (2) random failures. 
The function does not include space transportation (see F2 (4) ) . 


The cost of spares is a function of number of overhauls 
(mission life ■* component life - 1) and the random failure rate. 


The basic spares element is the battery module (NiCd or NiH^) 






i spaetii for ovarhaul » N8 > 1 
# iparaa for random failura • (ti8HS5(l)) 

Ut 5S (2) - N8 - i + (N8y 

■ total numbar of modulaa for aparaa 

The coat of aparaa i tharaforaf ia in $Kt 

F2(l) - S5(2) { F0(2) + F0(3)) 

where Ff8(2) ■> production coat of calla and call fflatchinp 
F0(3) production coat of battery module aaaembly 
H8 ■ 'dumber of battery hardware life cyclea 
S5(2) ■ Total number of modules for spares 


F2(2)i OfiM Training Cost 


This function consists of the training of astronauts to perform 
the OfiM functions of (1) routine maintenance and servicing# (2) 
repair of random failures and (3) overhaul of the ESS at stated 
periods. 


The cost of training is a function of astronaut roanyears 
required over the life of the ESS, and the estimated attrition 
rate. • 


j e Routine maintenance par year will require .002 manyears 

per module 

• Random failures per year will require .001 manyears per 
module failure 

e Overhaul (on a per year basis) will require .0015 manyears 

f per overhaul. 

( 

I The cost of this element, in $Kt 

F2(2) - (.25) (.25) (S5(3)) 

i - • : : : : ^ 

' li. where .25 is cost/trainee ($250/000)^ ^ 


.25 is estimated attrition rate 




ill 


$5(3) - (U) (.002(H2) (U) ■¥ .001 (N8) x CEII>( (N2) (U) ($5(1)) + 
.0015 (N8 - 1 (N2) (U) 


S5 (3) Total aatronaut manyaara 


Total mmbar of ohannals 


N2 ■ Total oelli in paraXlal 
U ■ Nvnbar of modulaa par channel 
$5(1) <■ Random failure rata 

N8 ■ Total number of 8id>syatem aata required over Ll, 


P2 (3) » 06M Maintenance Functiona Costs 


This function consists of the cost of labor (at $2SQ/manhour) 
required to perform the OfiM functions of (1) routine maintenance 
and servicing « (2) repair of random failures* and (3) overhaul at 
the required intervals . It does not include spares costs , training 
costs nor space transportation costs. 


The cost of maintenance functions is at 130 houbs per month 
and $250 per manhour is, in $Kt 


P2(3) « 390 ($5 (3)) 


where SS(3) ■ total astronaut manyears (see F2(2)) 


OsM Soace Trzmsportation Costs 


This function consists of the space transportation costs involved 
with astronaut crew cycling (3 months in space per astronaut 
between R&JR) and delivery /retrieval of spares/f ailed parts. 


The cost of space transportation is a function os: 


S5 (3) ■ total astronaut numyears 


e i?uraber of trips to/from Earth per manyear ■ 4 


Weight per astronaut > 454 kg/trip 


• cost per kg space transport ■ $1990 /kg 


The cost of crew tremsportation is 


C (crew) - (Sf(3)) (3.6) 


m 





whers 3.6 is transport cost por astronaut manyear 


S5(3) B total astronaut manyears 

The cost of spares/failed parts transportation is a function 
of the weight of spares required for replacement of random failures 
and overhaul. 

W (spares) - (S5 (2)j rS4(2) ) (K6)) 

The cost of space transportation in $K is: 


F2 (4) 
where 


3.6(35 (3)) + 1.99 (K6)(S5(2)) (S4 (2) ) (N2) (U) 

35(3) ■> total manyears 

35(2) " total number of modules for spares 

34(2) B weight per module (kg) 

K6 B volume constraint factor (see F0 (8) for 
battery ESS) 


N2 B total cells in parallel 

U B number of modules/battery 


3.5.2 Fuel Cell E33 OSM Costs ^ ^ ^ ^ 

The O&M of the fuel cell ESS consists of cost elements F2(l) through 
F2 (4) : 

F2(i) B O&M Spares Costs 

F2(2) ■ O&M Training Costs 

F2(3) B O&M Maintenance Functions Costs 

F2(4) B O&M Space Transportation Costs 

The following sections discuss each Of the edpbve cost elements. 

F2(l): O&M Spares Cost 

This function consists of the production of FCSy ECS euid AE spares 
to support (1) periodic space Overhaul and (2} random failures. 

The function does not include space transport.^^^ 
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Th« cost of spares Is a function of nxmber of overhauls > 
(mission life * component life - 1) and the random failure rate^ 
The major elements are the fCS*s^ ECS's and components of the AE# 
such as pumps# valves and filters* 

The number of PCS' s required for overhaul ■ (N3)(N0(1)). The 
nxnber of ECS’s ■ (N4) (h0(2) ) . The overhaul of the AE is assumed 
to be 20% of the components. 

The cost per unit ECS and ECS is the cost of the PCS and ECS 
functions divided by the numbefs of PCS fi Ecs# respectively : 

Cost per unit pcs ■ P0(3) ♦ N3 
Cost per unit ECS ■> P0(4) « N4 

Also# 

Cost of 20% AE - F0(6) (H6 (2) ) 
where H6(2) ■ .2 

Therefore# 

The total cost of spares for overhaul: 

C (overhaul) - (P0(3)) (N0(1) -1) + (P0(4)) (N0(2) - 1) + 

(H6(2) (P0(6)) (N0(3) -1) 

The cost of spares required to support random failures is a 
function of random failure rates.: 

C (random failure) - (K3) (P0(3)) { (Ll) ♦ (L3)) + 

(K4) (P0(4) ) ( (L1) V (L4) ) ^ 

(K6) (P0(6)) ((Ll) ♦ (L6)) (H6(D) 

Where K3 * PCS remdom failure fraction 
K4 ■ ECS random failure fraction 
K5 ■ AE remdom failure fraction 
H6(i) - .1 ■ 

which represents the average cost of repairing the AE. 
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The total cost of ePAres> in $Kt 

P2(l) - (P0(3) )(N0(1) >1) + 

(P0(4))(N0(2) -1) + 

(H6 <2)) (P0(6) (N0(3) -) + 

(K3)(P0(3))m0(l)) + 

(K4)(P0(4) ) (N0(2) ) + 

(K6) (P0(6)) (N0(3) ) (HeU)) 

where 

P0(3) » Pc? total production cost 
N0(1) • number of maintenance cycles (PCU) 

P0(4) » ECS total production cost 

N0(2) number of maintenance cycles (ECU) 

H6(2) « overhaul replacement factor 

P0(6) B ancillary equipment total production cost 

N0(3) ■ number maintenance cycles (pimp) 

K3 ■> PCS failure rate fraction 

K4 B ECS failure rate fraction 

K6 B AE failure rate fraction 
H6(1 )b failure replacement factor 


O&M Training Costs 

This fiuiction consists of the training of astronauts to perform 
the O&M function in space. The function consists of (1) routine 
maintenance and servicing, (2) repair of random failures , and (3) 
overhaul of the ESS. 

The cost of training is a fiaiction of total astronaut manyears 
required over the life of the SUbsyston and the estimated attrition 
rate. 

It is assumed that each PCS or ECS will require> for routine 
mainteneuice, .002 manyears per year and the AE will require 
.03 manyears per year. Therefore» 

M.Y. (Boutin. H.lnt. , ) . ^ ^ 

Year : 



The repair of randoffl failures will be a function of manhours 
per repair times the nimber of failures per year^ It is assumed 
that an PCS or ECS will require ,001 manyear per failure, and 
the AE will require .002 manyear per failure. 


M.y, (Random Failure) 
Year 


• .001 (N3) (K3) t 

• .001 (N4) (K4) + 
.002 (K6) 


Manyears per year for overhaul of the ESS will be a function 
of number of overhauls and the manyears per overhaul. All PCS 
and ECS units and 20% of the AE will require replacement at 
overhaul. In this case, the manyears per year is estimated as 
.0015 overhaul manyears per year, for each PCS and ECS, and .02 
overhaul manyears per year for the AE. Therefore, 


M.Y. (Overhaul) 
Year 


.0015 (N3)(N0(1) -1) t 
.0015 (N4)(N0(2) -1) + 
.02 (N0(3) -1) . 


The total astronaut manyears, H7, is the product of required 
mission life, Ll, and the sun of the 2dx>ve threa equations < 


H7 - .002 (N3 + N4) + .03 + 

.001 (N3) (K3) + 

. 001 (N4 ) (K4 ) + .002 (K6 ) + 
.0015 (N3) (N0 (1) -1) + 
.0015 (N4) (N0(2) -1) + 

. 02 (N0(3) - 1) . 


where 


N3 

N4 

K3 

K4 

K6 

N0(1) 


total PC stacks 

total EC stacks 

PCS failure rate fraction 

ECS failure rate fraction 

AE failure rate fraction 

nimiber of maintenance cycles (FCU) 
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N0(2) M number of maintenance cycles (ECU) 
N0(3) ■ number of maintenance cycles (pump) 



H7 - .002 (N3 + N4) + .03 + 

.001 (N3) (K3) + 

.001 (N4) (K4) + ,002 (K6) + 

.0015 (N3) (N0(1) - 1) + 

.0015 (N4) (N0(2) -1) + 

.02 (N0(3) - 1). 

fhe total cost of tralnlngy at 25% attrition, and $250,000 
per training ist 

P2(2) - 062.5 (H7) 

F2(3): OSM Maintenance Functions Costs 

This function consists of the cost of labor (at $250/space manhour) 
required to perform the O&M functions of (1) routine maintenanee 
and servicing, (2) repair of random failures, and (3) overhaul of 
the ESS. It does not include cost of spares or training, which are 
covered in cost elements F2(l) and F2 (2). 

The cost of maintenance functions is, at 130 hr s/month and 
$250/mh, in K$ 

F2(3) » H7 (390) 



F2 (4) : 


Where H7 ■ total astronaut manyears. 




This function consists of the space transportation costs involved 
with astronaut crew cycling (3 months in space per astronaut) 
and delivery/retrieval of spares/failed parts. 

The cost of space transportation is a function of: 

eH7, total astronaut manyears 

• number of trips to/from Earth pet nanyear t * 4) 





• velght of Attfonout jpor ipaco trip, (450 kg) 

• coaf par Hg for apaoa transport » $1500 por kg. 

Tha cost of spaca transportation of OCM craw is< 

C (craw) 3.6 (H7) 

Tha cost of spaca transportation of sparas is a function of 
tha waight of sparas raquirad for raplacaiiwnt of random failuras 
W(SRF) and for ovarhaul W(SOH) > 


W(SRP) - (W3) (N3) (N0(1)) (K3) + 
(W4) (N4) (N0(2)) (K4) + 
(W6) (N0(3) (K6) H6(l) 


W(SOM) 


Where 


(W3) (N3) (N0(1) «1) + 
(W4) (N4) (N0(2) -1) + 
(W6) (N0(3) -1) (H6{2)) 


W3 ■ Average FC stack weight 

N3 » Total FC stacks 

N0(1)« Number of maintenance cycles (FCU) 
K3 » FCS failure rate fraction 

W4 ■ Average EC stack weight 

N4 » Total EC stacks 


N0(2)*> Number of maintenance cycles (ECU) 
K4 > ECS failure rate fraction 
W6 ■ Ancillary equipment total weight 
N0(3 )<b Number of maintenance (pump) 

K6 « AE failure rate fraction 
H6 (1)» Failure replacement factor 
H6(2)« Overhaul replacement factor 

Where H6(l) - .1 and H6(2) » .2 


The cost of space transportation of spares and crew is 
F2(4) - (3.6) (H7) + (1.99) ( W(SRF) + #(SOH) ) 


Where H7 » Total astronaut manyear 


3.6 Intarfac* Subiyitam Costs 

To pifovlde A noro complote «Btimat« of the total 11 li cycle fox: a given 
ESS, the coeti of th^ee interfacing eubsyatems are alao included in the ESS 
LCCM. Theae aubayatema are Solar Array, Thermal Control, and Power Conditioning. 
The reaultant interface coata are for only thoae elementa required to interface 
directly with the ess. For example, the solar arrAy coat reflecta only the 
solar array power required to charge the ESS, and does not include any addi- 
tional solar array to support othe^r power functions. The solar array coata 
are baaed on data from the Silicon Solar Array Study for LeRC (NAS 3-21926) , 

The 1£0 costs reflect two iS-year hardware life cycles. The CEO costs include 
one hardware life cycle o^ five years plus transportation to GEO using the 
Shuttle/IUS combination. The thermal control costs are based on data from 
"Study of TheCTMil Control Systems for Orbiting Power Systems, Book 1, Executive 
Summary" by Vought Corporation. The power conditioning costs are based on 
cost data for the same P3 Programmable Power Processor which is used for the 
charging units. 

3.7 Baseline ESS LCC and LCCM Relationships 

The baseline ESS designs and the parameters that represent the designs are 
presented in Section 2.0 > Exhibits 2-15, 2-16, 2-17. The corresponding I*CC 
for the baselines are shown for each cost element of DDTfiB, Production, 

OfiM and the interfacing subsystems in Exhibits 3-9, |-10 and 3-11. Exhibit 3-12 
provides a summary level LCC showing totals for dotse, Product ion, (manufacturing 
and space transport) , OfiM (basic OfiM and OSM space transport) and interfacing 
subsystems. Note that the DDTSE costs for a NiH^ ESS is lower than , that for 
NiCd due to the lower NiHj ESS weights. 

A listing of all cost element CER’s; (DDTSE, Production, O&M) for the 
NiCd and NiH^ battery ESS and the fuel cell ESS are included in Appendices B 
thru D respectively . Appendices B thru D also include the performance model 
logic for the respective ESS's. 
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Exhibit 3-9. SiCd ESS BateUae LCC 
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e. Fuel Call Batalina LCX 


W^TES; 

a COSTS ARE 1980$ IN MILLIONS. 

a PRODUCTION LCC WAS DIVIDEO INTO MANUFACTURING*, AND SPACE TRANSPORTATION IXPORTII. 
a OBM LCC HAS BEEN DIVIDED INTO BASIC OSiM S. AND SPACE TRANSPORTATION (XPORTI S. 

EicbiUt 3-t2 
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4.0 TECHNOLOGY VARIATIONS vs LIFE CYCLE COST 

4.1 Gsnsrsl 

This ssction suiwnacizss tha analysis and rasults oF using tha ESS Battairy 
and fual Call Rarformanca/Cost ModalSi which ara dasciribad in Sactions 2 and 
3i to quantify fcachnology variations vs Lifa cyola Cost. Conclusions to ba 
drawn from tha study rasults ara valid in tha viciitity of tha various basalinas 
undar tha assumptions« raquiramants« and scaiscrios of this study raport. In 
othar words# dapandancas and t rands should ba anq^hasizad rathsr than actual 
numarical rasults. 


4.2 Mathodoloqy 


Tha study rasultswara achiavad by addrassing aach tachnology araa sapa-^ 
rataly and varying kay technology related paramatars in tha models to determine 
the resultant variations in Ufa cycle cost* variations in numarous 
parformance paramatars ware also observed. This was accon^llshad for LEO 
power levels of 25 kW# 50 kw# 100 kw# and 250 kw# and for a GEO power level 
of 25 kw. The basic methodology consisted of the following; 

a Selection of tachnology input parameters to be varied. 

a Variation of one technology input parameter at a time. 

a Determine resultant effect on performance and life cycle cost. 

a Decermine relative magnitude of effect on LCC. 

a Plot and print in final format# the technology input parameters which 
have the greatest effect on LCC. 

4.3 Technology Parameters to be Varied 

With coordination# which included coimnents from LeRC technical personnel# 
tha following list of technical parameters to be varied was established for 
both of the battery and the fual cell subsystems: 

Batteries 

****^^*^*^® page BLANK NOT filmed 

a Dapth of Discharge (DC») ^ ^ ^ ^ 
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• TeniMiratur* 

• Effieiancy 

• Ampar«-Hour 

• ThaxiMiI conductivity 

• ChaiT 9 a/dischac 9 i rataa 

> • Iteliability/cycla lifa 

a Slzaf ahapaii walght fi voluna 

Fuai Celia w/dadicatad alactirolyala 

a Voltaga 

Qurirant danaity 
a Pressuca 
a Teng>aratura 

a Depth of Discharge (as couple) 
a Heat tca^sfec and reiection 
a Cell rali^^billty and operation life 
a Moisture raisoval and humidity 
a Efficiency 

a Pump reliability and operational life 
a Size, shape, weight and volume 

4.4 Major Technology Parameters 

Appendix E contains the baseline printouts for the various missions and 
power levels. For each baseline, a set of performance and life cycle cost 
parameters are listed which describe the respective type of ESS (i.e., battery 
or fuel cell). 7o perform a technology variation, one of the performance 
parameters is varied and the resultant effect on life cycle cost is determined 
In terms of actual oetput, this means that the parameter is varied through 
nine distinct values and a set of ’'baseline printouts" are generated, one 
"printout” for each value of the varied parameter. The resultant output is 
a nine column matrix with ESS parameters corresponding to the list of para- 
meter titles shown in the Appendix E printouts. 

This is the basic process for determining the effect On a technology 
variation on LCC (i.e., compute the nine distinct ESS configurations and 
LCC's which result from varying a technology parameter over nine distinct 

too 




input values). As a result of this process, major technology parameters were 
identified, which are discussed in subsequent paragraphs. Supporting data 
for these parameters is contained in exhibits which are in Appendix G. 

4.4.1 NiCd Battery Parameters 


Approximately 30 NiCd battery performance parameters were evaluated to 
determine their sensitivity vs LCC. it should be noted that these evaluations 
were entirely within the performance envelope defined by state-of-the-art 
technology <i.e., if DOD was varied, a corresponding change in cell life 
resulted, the following NiCd Battery parameters were determined to have the 
greatest infract on ESS life cycle cost. 


NiCd Battery Parameter 

1. Depth of Discharge 
(Capacity Variable) 

2. Cell Life 
Capacity Variable) 

3. Depth of Discharge 
Capacity Fixed) 

4. Cell Life 
CaFacity Fixed) 


Appendix G Exhibit #*s 

1 [A - El 

2 [A - El 

3 [A - El 

4 [A - El 


5. Fated Cell Capacity 


5 [A - El 


6. Hardware Life 

(Capacity Variable) 


6 [A - Dl 


7, Discharge Current 7 (A - El 

(Capacity Variable) 

8. Hardware Life 8 [A - Dl 

(Capacity Fixed) 

' ■ . ■ . ■ i ■ ■ ■ 

4.4.2 NiH^ Battery Parameters 

As in NiCd, approximately 30 NiH^ battery performance parameters were 
evaluated to determine their sensitivity vs LCC. As a result of these evalua- 
tions, the same battery parameters as for NiCd were determined to have the 
greatest intact on ESS life cycle cost. These Farameters and the corresponding 
exhibits in Appendix G are listed on the following pages. ^ 


NIH^ Battaey Par^tar 


l^andix 6 Exhibit # ' a 


1. Papth Qf Diacharga 
(Capacity Variabla) 


2. Call Life 

(Capacity Variabla) 


3, Depth of Discharge 
(Capacity Fixe4) 


4. Cell Life 

(Capacity Fixed) 


5. Rated Cell Capacity 


6. Hardware Life Cycles 
(Capacity Variable) 


7 . Di scharge current 
(Capacity Variable) 


8. Hardware Mfe Cycles 
(Capacity Fixed) 


9 

(A - El 

10 

(A - El 

11 

(A - El 

12 

[A - El 

13 

[A - El 

14 

(A - Dl 

15 

(A - El 

16 

> 

1 

H 


4.4.3 Discussion of Batterv Parameters 


Since the same parameters were found to be the most sensitive to LCC 
both the NiCd and HiH^ parameters are discussed together in subsequent 
paragraphs. 


4. 4. 3.1 Depth of Discharge (Capacity Variable) 



The effect of varying the cell depth cf discharge f while at the S 2 une time 
holding fixed the total cells in parallel (number of power channels) and 
causing the rated cell capacity to vary# is shown in Exhibits 1[A - E] 
and 9 [A - E] in Appendix G. por both a NiCd and a NiHj battery cell# in- 
creasing the DQP causes a decrease in cell life# which in turn causes an 
increase in ttiS number of hardware life cycles for LEO. This is reflected by a 
dramatid increagd in the O&M LCC. A secondary effect is a decrease in cell 
Voltage# which causes an increase in the total number of cells. By allowing 
the capacity to vary at the same time# the rated cell capacity goes down. 

While the total number of cells increases# the decrease in the weight per cell 
is greater# and thus the total ESS weight decreases, this causes a corres- 
ponding decrease in production cost (<md O&M cost# which is not readily 







apparent due to the overriding effect of cycle life) . 

For GEO, since there is only one hardware life cycle, there is no effect on 
OfiM cost. However, the effect on production cost is more pronounced. Both 
the ESS weight and the space transport cost are greater due to differences in 
the rated cell capacity between 25 kW and 25 kw GEO. the resultant change 
in cell life also effects the cell voltage, in addition to the other effects 
which correspond to [<£0. 

4. 4. 3. 2 Cell Life (Capacity Variable y 

Exhibits 2 [A ^ El emd 10 lA - 1] in Appendix G show the effect of varying 
the cell life, while holding fixed the number of cells in parallel, thus 
causing the rated cell capacity to vary. For CEO, this case is really a 
mirror image of DOD with Capacity Variable. As battery life is increased, 
the nimUier of hardware life cycles decreases, causing a decrease in the OfiM cost. 
The resultant decrease in DOD, which must occur to allow the increase in life, 
causes an increase in cell voltage, and thus a decrease in number of cells. 
However, the decrease in DOD also causes an increase in Rated Cell Capacity, 
Which causes an increase in ESS Weight, which in turn causes an increase in 
production cost. 

For GEO, the mirror image still occurs. There is no change in OfiM cost, 
while the production cost increases. The Change in ESS weight due to the 
interaction between rated cell capacity variations and total nvntber of cells 
is present. In addition the change in cell voltage is more pronounced, due to 
the change in cell life. 

4.4. 3.3 Depth of Discharge (Capacity Fixed ) 

For LEO, refer to Exhibits 3 (A - D] and 11 [A - D] in Appendix G. The 
same basic comments for variable capacity depth of discharge apply here, 
except for the effect of cell capacity variations. Changes in the DOD effect ~ 
in turn • the cell life, the nunber of hardware life cycles and the OfiM costs; 
as well as the cell voltage Und the number of cells in series. Wit^^ the cell 
capacity fixed, the nvnU>er of cells in p varies which also effects 

the total nvahex of cells. The resultant, combined effect is that both the 
total nvmber of cells and the ESS weight decrease, which in turn reduces the 
Production Cost, 


For GEO I refttr to Exhibits 3E and llEi Hsre the increase in tX)D decreases 
the battery life and the cell voltage# together which increase the nunber of 
cells in series. However # with a fixed capacity# the mmber of cells in 
parallel decreases# which has a greater effect on total number of cells# 
which also decreases. This in turn causes the ESS weight and the production 
cost to decrease. It should be noted that both the total mmber of cells 
and the ESS weight are inputs to the life cycle cost model. Hence# the 
decrease in total number of cells decreases the life cycle cost directly# as 
well as indirectly through the ESS and other hardware weights. 

4. 4.3. 4 Cell Life (Capacity Fixed ) 

Exhibits 4 tA - D) and 12 [A - D] apply to LEO for this case. Here# the 
cell life effects both the DOD and the number of hardware life cycles. The 
resultant decrease in DOD for an increase in cell life# causes an increase 
in the number of cells in parallel and a decrease in the cell voltage# which 
in turn causes an increase in the nunber of cells in parallel. The combined 
increase in total number of cells from both factors# results in a higher 
ESS weight and production cost. A decrease in cell life causes an increase 
in the mmber of hardware life cycles which causes a decrease in the OfiM costs. 
However# since both the total number of cells and the ESS weights are increasing 
this also causes an increase in O&M cost. The resultant net effect is an 
initial decrease in OfiM cost as battery life is increased and then em increase 
as the q\iantity and weights of spares increase during O&M. Hence# an optimum 
cell life would be indicated for LEO# for a cell of a given capacity. 

Exhibit 4E and 12E pertain to GEO. Since there is no space O&M costs# 
the initial decrease in LCC observed for USO does not occur. Hence# the 
message for GEO is to use the lowest cell life possible# which will allow the 
highest DOD# which in turn will redUce the LCC. 

4.4.3.5 Rated Cell Capacity 

For Leo# refer to Exhibits 5 (A - Dj and 13 [A r^ D] in Appendix G. When 
the cell capacity is increased# the number of cells in parallel decreases. 

This causes a corresponding cluuige in the total number of cells and ESS weights. 
However# there is an upper limit to the cell capacity due to the ESS power 


level, which will cause this effect# Hence, the optinum cell capacity for a 
given power level will increase as the power level increases. To go above 
this optimum cell capacity for a given power level, does not further decrease 
the LCC unless the DOD is also decreased, in which case it would be possible 
to increase the cell life, reduce the number of hardware life cycles, and hence 
the QfiM cost. 

For GEO, refer to Exhibits 5E and 13E. Here the above statement con- 
cerning the optimum cell capacity is quite evident because GEO does not 

% 

provide any advantage in decreasing the DOD or increasing the cell life as 
discussed previously. 

4,4.3.6 Hardware Life Cycles (Capacity Variable ) 

Exhibits 6 (A— DJ and 14 [A - DJ in Appendix G pertain to LEO. Here 
the comments for an increase in DOD apply. The bottom line is that an increase 
in hardware life cycles (i.e. , planned overhauls causes a much greater Increase 
in OfiM cost than the corresponding decrease in production cost. 

This case does not apply to GEO, since the basic assumption involves 
no hardware life cycles. 


4.4. 3.7 Discharge Current (Capacity Variable ) 

The corresponding LEO Exhibits in Appendix G are 7 [A D] and 15 (A - D] . 
The basic effect for this technology variation is the increase in Cell capacity 
which must occur to accommodate the Increase in discharge current. From there, 
the same comments which apply to the cell capacity case apply here. The end 
result is an optimum discharge current and cell capacity for a given power 
level. While not shown in the exhibits, it would be possible to decrease the 
DOD emd further increase the cell capacity for a given discharge current, and 
thus realize a corresponding benefit in O&M costs. 

The corresponding GEO exhibits in Appendix G are 7E and 15E. Here again, 
the same basic effect as for cell capacity would occur, while the O&M costs 
would not be a factor. 
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4*4. 3. 8 Hardware Llf« Cycii» (Capacity Flxtd ) 

§ . 

For LEO, rofar to Bjchlblta 8 (A • Dl and 16 [A * D}. Increaiping the 
nunibar of hardwara lifa eyelae has aMantlally tha sane affect as increasing the 
D(H>. Hence« the saae comnents apply. The Initially high OfiM costs is due to 
spares production cost and spares transport cost during OfiM due to all guan-* 
titles and ESS weight. As the ntadier of hardware life cycles increases# the 
OfiM costs increase due to tha number of overhauls. 

*Thera is no corrasponding casa for GEO fot this technology variation 
(i.e.# GEO has no planned overhauls or repair of failed equipment). 

4*4.4 Fuel Cell Parameters 

Due to the limitation of available data and constraints due to timei 
not all of the fuel cell parameters ware evaluated using the same basic 
methodology as for batteries. However# based \q>on an evaluation of the 
sensitivity of certain basin effects for a Fuel Cell ESS with reipact to i/CC# 
it was possible to determine the major technology parameters. These were then 
evaluated using the "baseline printout" mathodology. The major technology 
parameters for a Fuel Cell ESS are as follows t 



Fuel Cell Parameter 

Appendix G Exhibit #'s" 

1. 

FCU Current Density 

17 [A - El 

2. 

FCU Voltage 

10 lA * El 

3. 

FCU Active Area 

19 lA - El 

4-. 

FCU Life 

20 [A - Dl 

5. 

FCU Maintenance Cyu^ 

21 [A - Dl 


4.4.5 Discussion of Fuel Cell Parameters 

The major technology variation parameters vs LCC for a Fuel Cell ESS 
are discussed in sxibsequent paragraphs.^^^^^^^^^^^^^^^^^^^ ^^ 

4. 4.5.1 FCU Current Density 

Exhibits 17 [A D] pertain to LEO for FCU Current Density. One effect 
of increasing the FCU current density is the resultemt decrease in f6u life. 
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This in turn incr«as«t tha minbar of FCU hardwara lifa cyclaa and tha O&M coat. 
A sacond affect is a dacraasa in tha nunbar of FCU, which in turn causaa a 
decreasa in both tha ESS weight and tha ESS production cost. Howavarr due to 
the rounding caused by selecting only even values of FCU currant dansity/ 
tha total nunbar of ECU also varies# which in turn causa variations in the 
solar array interface cost, unfortunataly # these ’’artificial" variations in 
the solar array cost are pradominata compared to the changes in ESS production 
and OfiM Costs. 


Exhibit 17E preBants the GEO case for FCU current density. Here there is 
no effect on O&M cost. Hence# the production cost is greater; and as a 
result# the ESS ICC decreases as the FCU density is increased. Again# thb 
solar array costs predoniinate. 

4.4. 5.2 FCU Voltage 

For 14^# refer to Exhibit 18 [A ^ 0]. Here the tcc trsid Is to Initially 
decrease and then later increase as the FCU voltage is increased. Note that 
the FCU life is held constant while the FCU voltage is allowed to vary. Note 
also# that an Increase in f'^U voltage corresponds to a decrease in FCU current 
density. This in turn causes an increase in the total number of FCU# but a 
decrease in the total number of ECU. The combined result is first a decrease 
and then an increase in both the ESS weight and the life cycle cost » 

Zn the GEO case# the same basic tr^''^Ss occur, with the exceptions: (1) 

The total nvmber of ECU’s remain relatively constant# and (2) initially the 
FCU current density is limited to a maximum value. 


4.4.S.3 FCU Active Area 

Exhibits 19 [A - D] present this technology variation for LBO. As 
expected# the total number of FCU decreases as the FCU active area increases. 
However# this does not cause a significant chauige in LCC since the FCU is 
only part of the total ESS subsystem. Consequently# even though a large 
variation is observed in the qu«mtity of FCU# this- is not reflected in a large 
change in ESS Weight or ICC# since the ECU's and ancillary equipment are largely 
unaffected. ' 


For GEO (Exhibit 19E) the same basic comments apply as for LEO. 

iOT 
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4. 4*5. 4 PCU Lifm 


For LEO, r«£or to Exhibits 20 {A - D] . In tEO# ths FCU lif« offsets both 
tho currsnt density and tho nunbor of hardwaro Ilfs cyolos. The offset on the 
eurront density in turn oauses an Inerease in the total nun^r of FCU and BCU| 

and the ESS weight. This in turn eauses an inerease in the production cost. 

♦ ■ 

The decrease in hardware life cycles causes a decrease in the O&M cost, 
since the production cost increases while the OSM cost decreases due to an 
increase in FCU life« there. is an optimum FCU life for a fuel cell ESS» at a 
given power level. 

There is no GEO application# since the FCU life is presumed to be the 
same as the total life Of the system. 

4.4. 5.5 FCU Hardware Life Cycles 

Refer to Exhibits 21 [A - p] for the LEO application of these technology 
variation. The number of hardware life cycles effects the O&M cost due to the 
number of overhauls. The number of hardware life cycles also effects the FCU 
life# which in turn effects the FCU ciurrent density. This leads to a reduc- 
tion in the total mmiber of FCU and the ESS weight as the nunber of hardware 
life cycles is increased. As a result# the production costs go down and the 
OfiM costs go up for an increase in the number of hardware life cycles . Hence # 
an optimum number of cycles exist for a Fuel Cell ESS# which corresponds to 
the optimm FCU life discussed in the previous paragraph. 

.There is no application of this technology variation to GEO# since the 
basic ground rule for GEO is no equipment overhaul and no repair of failed 
equipment. 


5,0 CONCLUSIONS 


A> ■tatad prevloualy quantitative celationshipa and conputer models were 
developed which enable exaiiiination of the effects on life cycle cost resultinq 
from varying technical paramaters of the subsyetaro. 

This section discusses the conclusions reached as a result of this study* 
The conclusions are presented in three groups. 

5*1 Battery Conclusions 

Of all the variables analyzed for the Battery ESS models (’^30 for each 
Model)# eight were found to have a significant affect on life cycle cost. 

Becuase of the strong similarity between the two battery ESS performance/LCC 
models, the same conclusions apply to both NiCd and NiH^ Batteries. Exhibit 
5^1 (a) presents these conclusions, with the eight parameters ranked according 
to the relative LCC sensitivity in a LEO application • As can he seen, the GEO 
application produces a different result. These parameters were rated simply 
by the variation in LCC (max-min) which resulted during the technology varia- 
tions deBcribed in Section 4. ^ 

5.2 Fuel Cell Conclusions 

The fuel cell ESS conclusions are presented in Exhibit 5-1. There the 
number of parameters "i^acked” is five, of which two (Life and Hardware Life 
Cycles) are really dvg>licates. As stated before, the smaller nunber of aignl- 
f leant parameters is due to two factors: (1) The fuel cell is only one of 

three major items in a fuel cell/electrolysis cell ESS with ancillary equip- 
ment; and hence, its "leverage" on LCC is smaller; (2) A lack of available 
Fuel Cell ESS data, did not allow a complete and thorough evaluation of all 
parameters. However, based upon the results which were achieved, it is believed 
that few. if any. of the parameters which were not addressed, would have a 
significant effect on LCC . Again . the results for GEO are different than the 
results for LEO. 

5 . 3 Other Conclusions 

Three general conclusions were reached as the result of this study: 

(1) The LCC for a NiCd Ess is approximately 2A that for NiH^. It appears that 
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a greater depth of diighai:9a ia allowable for NiH^ without a greater defthda* 
tion in cell life and a lighter weight for the NiH 2 cell coiapared to the NiCd 
celli (2) The LCC for the NiHj Battery ESS and the Fuel Cell ESS are 
comparable. However# ainoe the Fuel Cell ESS ia leaa efficient# the Bolar array 
interface coat ia aignificantly greater for a fuel cell ESS# than for a HiH^ 

ESS; (3) The battery parametecB are more LCC aenaitive than fuel cell para'^ 
meters# due to the greater complexity and a quantity of hardware in a Fuel 
Cell ESS aa compared to a battery ESS. 


6,0 6ECOMMENDATXONS 


During th« coutm of thlt study > msny potsntisl usss of ths KSS Porfonnsncs 
and XiCC Modsls bscasMi svidsnt. Sons of ^sss usss would tis applicable with ths 
mpdsls as thsy srs prsssntly configured, whils other usss would fsguirs modi- 
fication and/or expansion of ths existing programs. Exhibit 6-1 presents the 
mors significant usss/rscommendations which are as follows r 

• Vegy Parawstsrs Without Interactions 

This recommendation has two potential applications. First, ditect 
effects on ICC for a given parameter could be determined. While this 
would not be a realistic life situation, it would give valvuUsle insight 
into what are the primary effects for a given technology vatiation, 
without reduction or masking by secondary effects (i.e., comparable 
to theoretical efficiency of an electronic component or device) . 

A second application, although not entirely without interactions, would 
allow the insertion Of hypothetical or eCt'ial characteristics into an 
'ess model to determine the potential LCC benefit and/or con^re com- 
petitive technologies. 

• Determine Potential LCC Savings vs Development Ctosts 

This is very closely related to the application jjust discussed. 

The point to be made is that the models in this study were constructed 
based v^on actual, state-of-the-art interactions between parameters. 

Yet the use of these models must not be limited accordingly. Not only 
is it important that models could be used to determine "design" type 
trades for one given technology; it is eqtially Important that competi- 
tive technologies be conpared with respect to LCC. In addition, it is 
important that whoever is making a financial decision has the appro- 
priate insight into the total picture, . 

e Plan and Coordinate Developroent/Test Programs 

During the development of the ESS models discussed in this report, 
it rapidly became very evident that the test data available Was not 
necessarily obtained with the total life cycle cost picture in mind. 
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mcOMMINPATlONt 


• VAR Y PEUFORMANCE/CC^T MODEL parameters WITHOUT INTEflACTIONS 
(#.«., VARY DOO WITHOUT EPPECTING LIFE) TO DETERMINE INDEPENDENT 
LCC VARIATIONS 


• USE PERFORMANCE/COST MODEL TO DETERMINE POTENTIAL LCC SAVINGS 
VS DEVELOPMENT COSTS REQUIRED TO ACHIEVE DESIRED PERFORMANCE 


• USE PERFORMANCE/COST MODEL TO PLAN AND COORDINATE UPCOMING 
BATTERY AND FUEL CELL DEVELOPMENT/TEST PROGRAMS 


• DEVELOP AN OPTIMIZED ESS DESIGN • MODIFY THE PROGRAM 


• DEVELOP AN INTEGRATED ELECTRICAL POWER SYSTEM PERFORMANCE/COST MODEL 

MISSION SOLAR ARRAY ESS ^ PDCS USER 

'itio"’""'"" '•'si ““ •iilttrliT^^ ” >00^™ •ViiTaTlonin' 

Load Power 

• GEO •GaAtll toN) • Fuel Calli • DC/AC 

• Etc, * 


• DEVELOP A TOTAL SPACE PLATFORM MODEL 



lid 




Too ofton# only tht individual call waa addraaaad) and tvan than » tha 
data ayailabla for tha varioua call parfonnanca paraiMtara waa not a 

coRi)lata aat. For axim^la^ avan tha NiCd data in NhSh 1052 (Saalad 

* 

Call Nickal-Cadiaium Applicationa Manual ) p which ia an axcallant 
rafarancai waa a cou^oaita of a multituda of diffarant taatOf rathar 
than a plannad and ooordinatad taot program, implmnantad apacifioally 
to provida a atandard aat of curvaa# Of couraai thia all goaa back 
to tha indapandant davalopmant of varioua battariaa and diffarant 
configurationa ovar a long pariod of tima* Tha point ia# that givan 
a vary linitad budgat, tha modala in thia report can ba uaad to 
optimiza tha aff active uaa of thaaa monatary raaourcaa and aohiave a 
coordinate and conpleta roonlt. 

a Devalop Optlmizad ESS 

Thia racommendation haa a vary significant applicationK Given a 
program which would provida an optimized configuration, it would be 
poaaible to *'work backwards" and arrive at a required configuration, 
from a predetermined life cycle coat figure. This would allow a 
Program Manager to control his program snd it would aasist tha designer 
to get the moat out of the reaources available to him* 

a Develop Integrated EPS Model 

The ESS is only one part of the total electrical power system, it 
is possible to Optimize the of a given ESS configuration and not 
have an optimized LCC for the total power system. An integrated model 
would provide the same capability on the EPS that was just discussed 
for the ESS. 

a Develop a Total Space Platform Model 

The same camroents apply here as for the ESS and EPS models 
respectively. While it would probably become exceedingly more diffi^ 
cult to have a coimplete and accurate model for such a large application , 
this problem could be minimized by a LCC impact analysis using integrated 
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models to d«t«rnin« tho moat sl^if leant tochnologiea va X^C; 
and than atructura tha Space Platfonn Modal accordingly . 

a 

a Dave lop and Uae a MlHj and Fual Call Data Center 

Mont of tha conunasts praviously made concerning the planning and 
coprdinating of development/tast programa also apply to this recommen- 
dation. Tha point is that given limited monetary resoxirces, it is 

Jt ■ 

very important that there not be duplication or aignificant ga^s ^ 
the respective data base. The models described in this report could 
be used to determine the most significant parameterSf and to priori- 
tise what should be done if a choice must be made between two or more 
cocipeting courses of action. 
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7.0 BIBLIOGRAPHY 

An Axtansive bibliography Waa used during the performance of this study. 
The data sources and references listed in Exhibit .7<-l(a**c) are only the major 
ones which were ultimately used. It should be noted that a vast amount of 
data collection, research# and reading was involved in this study; and only 
after culling' down to the items which were meaningful# was a bibliography 
constructed. Based upon the applicability of the respective documents# 
Exhibit 7~1 is divided into five general ateas: (1) General, (2) Batteries- 

General, (3) Nickel Cadmium Battery# (4) Nickel Hydrogen Battery# and (5) 

Fuel Cell. Again it Should be stressed that the EBS Performance/LCC models 
constructed for this study are the result of synthesizing a myriad of rela- 
tionships from msnerous data sources; hence only the key references are 
contained therein. 
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1.0 INTRODUCTION AND SCOPE 

Undttr contract to NRSX ZiaRCi baaalina Enargy Sltoraga Subayatama (ESS) 
concaptual daaign ia baing davalopad for tha purpoaa of datamlning 
tha influanca of yariad tachnology on tha Ufa eycla coata of tha 
aiibayatana and intarfaclng alamanta. 

Thia apacification dafinaa thit raquiramanta on Enargy storaga Subayatama 
for 25 I SO r 100 fi 250 kw powar rangaa. Thaaa aubayatama ara aubayatama 
of a hypothatical Spaca Sarvlcaa Plat font Syatami (SSPS)# craatad for 
tha purpoaaa of daflnlng miaaionaf miaaion raguiramanta and aub- 
ayatama/aubayatam Intarfaca raquiramanta. 

Thia ia a top laval aubayatam apacification. Tha ralationahip of 
thia apacification to tha SSPS hiararchy of apacificationa ia 
containad in Saction 2.0. 

2.0 APPLICABLE DOCUMENTS 

2.1 Tha SSPS Syatam apacification traa ia ahovm in Exhibit 2-1. 

2.2 JSC 07700 Voluma XIV r Space Shuttle Payload AccoiRnodatlona> 
Saptambar22# 1978. 

A 

2.3 Tha applicability of o^ar apacificationa. atandarda and other 
documanta is TBD. 








0 REQUIREMgyrS 

3*1 Svtf B> Lmvml Racmlrmtnti 

Th«t« rtqulrMants apply to tha lystam laval (tha Spaca Satvica 
Platform Syatam* SSPS) 4iractly* Tha raquiramanta on tha ESS 
Subayatam dariva from tha ayataB laval raquiramanta fnd ara 
apaoifiad in Saetlona 3*2 through 3*5* Varificatioh raquiramanta 
ara apaoifiad in Saction 4.0. 

3,1,1 syetam Laval Daacription 

Tha purpoaa of tha Spaca Sarvicaa Platform Sy at an (SSPS) 
ia to provlda aarvicaa to variad Uaar Syatama. Tha Oaar 
Syatama may ba anqaqad in matariala procaaainq* astronomy* 
solar systam and aarth obaaryation* Ufa sciancasv 
comnunications* lifa support* and othar oparationa. Tha 
Uaar Syatama may ba saeurad to tha platform or dockad for 
sarvicinq or short tarm oparationa. 

Tha ganaral concapt of tha SSPS ia shovm in Eidxibit 3*1. 

Tha subaystams of tha SSPS* their functions and major 
interfaces are Idantifiad in Exhibit 3-2. The User 
Systems will Interface with the SSPS subaystams as followai 



Power Distribution and Conditioning 

- PDCS 


Energy Storage subsystem 

- ESS 


Thermal control 

- TCS 


structura/Hachanical 

- SMS 


Instrumantation 

- CDS 


Oparationa/Maintananca 

* C3HCS 


Gross Pointing Stability 

- CDS 
PCS 
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EXHIBIT 3-1. SSFS CONCaTCONnCVRATION 



SPACE SERVICES PUTFQRM IVSTEM 


• PROVIDE THERHAL 
CONTROL FOR 
SUISYSTEMS AND 
USER SYSTEMS AS 
REQUIREO 


• OPERATE AND 
MAINTAIN SSPS 
AND USER 
SYSTEMS 


ENERGY STORAGE 
SUISYSTEM 


SOLAR ARRAY 
subsystems 


COMMNO AND 
DATA SUBSYSTEM 


STRUCTURAL 

MECHANICAL 

SUBSYSTEM 

IPROPULSION AND 

CONTROL 

SUBSYSTEM 

OPERATIONS AND 
MAINTENANCE 
CREW SUBSYSTEM 


thermal CONTROL 
SUBSYSTEM 


• DISTRIBUTE. 
CONDITION ELECT 
POWER 


ESS 

• STORE 
ELECTRICAL 
ENERGY 

• PROVIDE POWER 
TO POCS 


tS.SO,100 OR 
aSOkW 

CONTINUOUS 


USER ^ 
SYSTEMS 


• EXPERIMENTS 

• MANUFACTURING 


• FREE FLYERS 
.•ASTRONOMY. 
^C ^ 


AniTuol 

DRIVE 


• CONVERT SOLAR 
TO ELECTRICAL 
ENERGY 

• RESPOND TO DRIVE 
POWER FROM SMS 
FOR AniTUOE 
CONTROL 

• RECEIVE SWITCH- 
ING CCNMANOS & 
ACCOMMODATE 
INSTRUMENTATION 


SUPPORT AND 
STABILITY 


DATA . 

'COmANOS 

t 

CDS 1 


• PROVIDE STRUCTURAL 
MOUNT FOR SUB- 
SYSTEMS AND USER 
SYSTEMS 

• PROVIDE ATTITUDE 
DRIVE POWER FOR 

ARRAY 

• PROVIDE DOCKING 
FACILITIES 


• RECEIVE/TRANSMIT 
DATA/COmANDS 

• PERFORM ANALYSES 

• PROVIDE SMS/SAS 
ATTITUDE 
COttMNOS 


COMMANDS 


SAS AHITUDE 


THRUST 


• PROVIDE PROPULSION 
AND CONTROL FOR 
ORBIT ADJUST AND 
ATTITUDE CONTROL 


SMS AHITUDE 


POWER DISTRIBUTION 
AND CONDITIONING 
SUBSYSTEM 


EXHIBIT 3-2. SSPS SUBSYSTEM FUNCTIONS AND INTERFACES 
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3.1*2 Mlttlon Rtaulr«mtnt« 

if 

Th« following charactortotici shall bs ussd in ths systsm 
and subsystem design. 

3. 1.2.1 General 

si System operational 1985-1990 

• $tate-of-art (1979) design 

• Transportation to LEO: Shuttle 

3. 1.2. 2 Orbit and Mission Parameters 

», LEO circular* 444 kM. Inclination 

- Orbital period; 87.3 minutes 

- Time in sun: |4.Q minutes* minimum 

- Time in eclipse: 33.3 minutes* maximum 

- Number in eclipses: 60,239/10 years. 

3. 1.2. 3 Types of Energy Storage Subsystems 

This specification applies to the energy storage 
subsystem types and power ranges shown: 

TYPE MISSION POWER LEVELS (kW, CONTINUOUS TO LOAD) 

Battery 25 50 100 250 

Fuel Cell 25 50 100 250 

3. 1.2. 4 Load Power Reguireroents/Design Requirements 

The load (user) power requirements for 25kW* SOkW* 
lOOkW and 250kW power levels are specified in the 
following sections. 

■ ; ■ V' - : : . . ■ ' i : ■ . ; 

3.1.2. 4.1 25kW Power Level Mission 

(1) Mission Requirements 

e Shiittle orbiter ahd payloads in 
Sortie Mode. 






• Fir*« flying payload* including 
Material Proca •sing ^ Space 
Scienca# Earth Obnervationi etc. 
without shuttle. 

(2) Design Raouiremanti 

a Provide 14kW at 30V nominal to 
support Orbitar and llkH at 30V 
nominal to spacalab/payloads through 
Orbitar Intarfaca. 

a Provide up to 25kw at 30V nominal 
to support payloads in fraa 
flying mod* for axtandad period of 
time. 

3. 1.2. 4. 2 SOkW Power Laval Mission 
(1) Mission Requirements 

a In Sortie Moda> Support Shuttle 
Orbiter, Space Lab and associated 
payloads while on orbit with 
25kw and 30V nominal, kt same 
time provide 25kW at 120V nominal 
to other payloads. 

• Support free flying payloads with 
50kW at 120V nominal with a 30V bus 
available for special or existing 
equipment. Total power not to 
exceed SOkW average. Payloads 
* requiring this level' of power 

include, Solar Terrestrial Obser., 
Public service, Space Science, 
Materials Processing, etc. or 
combinations. 


'i: 



Support M limited manned 
habitat for payloads requiring 
specialists on board. 

(2) Design Requirements 

• Provide l4kW at 30V nominal 
to support Orbiter and llkw at 
30V nominal to Spacelab/payloads 
through Orblter interface. 

Provide additional 25kW at 120V 
nominal to other payloads through 
a different interface. 

e Provide 50kW at 120V nominal to 
user bus. Establish 30V bus for 
existing 30v equipment. Total 
power to users not to exceed 
SOkW average. 

3. 1.2. 4. 3 lOOkW Power Level Mission 

(1) Mission Requirements 

e Support the shuttle Orbiter in 
the Sortie Mode. Therefore, a 
capability to supply 2 SkW at 
30V nominal at the Orbiter inter- 
face must be maintained. 

e Requirements for this power 
level in the free flying mode 
include the support of a manned 
habitat, in addition to supporting 
some of the payloads stated for 
the lower power levels . Support 
some base construction activities . 

8 ' • 

A-iO - 


D««iqri R«quir«wntg 


( 2 ) 

• Sam* sraquiraincnt for Shuttl* 
QrHsltor Bupport at atatad for 
lover power levels. 

e Bus voltages same as for SOkW 
power level with total power of 

lopkW. 

3. 1.2. 4. 4 250kW Power Level Mission 

(1) Mission Requirements 

e Missions involving manned 
habitats and power consuming 
activities such as space base 
construction r industrialization 
of space, materials processing, 
etc. : 

e support the low voltage power 
system of the Shuttle orbiter 
when it is attached. 

(2) Design Reqruirements 

e Provide high power at high 

voltajge to the various activities 
ranging from life support systems 
to mzmufacturing machinery and ‘ 
equipment. Special converters 
must be provided £«r special 
requirements. ■ 
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3.2 Subivtm P«rfotreanc« and IntTfact R»c?ulrm«nt8 and Constraint! 

ThcM r«quir«nants apply to tha Enargy Storaga Subsystam (ESS) 
tha Spaca Sarvlcas Platform Syitam (SSPS ) i and haya baan darivad 
from tha tystam laval raquiramanta of Section 3.1. 

3.2.1 Elactrlcal Performance and interface Raouirementa 

3. 2. 1.1 ESS/SAS/PDCS Electrical interfaces; 

a The SAS shall provide elactrlcal power to the 
ESS and PDCS for energy storage > distribution 
and conditioning. The PDCS will provide the 

a 

electrical power/energy to the Users Bus. 

a The SAS shall provide electrical power to the 
ESS and/or PDCS at the 2 axis driva/sllp ring 
assembly output. 

a The fixed current options shall be Implemen table 
during ground operations and/or In space. 

The in~spaoe capedsility shall be achieved by 
manual Operatigns. 

a The variable current options shall be Imple- 
men table during ground operations (blanket level 
or lower) 

a ^ Total power output to the ESS and PDCS shall be 
as required by the system power requirements. 

3.2. 1.2 ESS Electrical Perforrezmce 

a Energy Storage. The ESS will receive energy 
from the SAS during the time in the sun portion 
. of the orbit (min. 54.0 minutes) and furnish 

energy to the PDSC during the time in the 
eclipse (max. 33.3 minutes) . The amoxint of 



•n«rgy ttor«d will b« based on the snargy balance 
equation developed for the design configuration 
chosen for each ESS mission povrer level. With 
the anticipated solar array design^ the input 
power processor of the ESS must be capable of 
accepting voltage limits from 375 V DC open 
circuit of a cold array at BOL to a fully loaded 
array voltage of leov. DC. at EOL. The ESS 
will deliver energy to the PDCS within the 
limits of 126V. to 165 V. DC. 

3, 2, 1.3 ESS/TCS Interface 

The ESS will have a major interface with the SSPS 
Thermal Control subsystem. The power processors 
and batteries or fuel cells and electrolysis unit 
will require temperature controls within specified 
limits. Heat loads will depend on the size of the 
ESS. Mechanical interfaces must be determined 
during ESS system ddsign. 

3.2.2 Structural/Mechanical/Thermal Performance and Interface 

Reguirements and Constraints 

3. 2. 2.1 ESS Structural /Mechanical Performance 

e The ESS shall be capable of withstanding orbit 
changes of altitude and inclination, 
e Loads; 0.01G in all axes. 

3. 2.2.2 ESS/SMS Structural and Mechanical Interfaces 
The ESS interfaces with the SMS shall 

■ \ : r structural Attachment ; The SMS shall provide 

the mounting assembly \diich secures the ESS to the 
SMS structure.^^^ ^ ^ ^ ^ 




I 




3.2.3 


A 
■ ft 


3.2.2, 3 ESS/EDCS Infrf«C«8 TBD 


3 , 2 , 2.4 ESS/PCS IntTfact 

• Th£U 0 t«r Inducad loads shall ba conslstant with 
. st^ctural/machanical raquiramants of 
Sactlon 3.2.3. 1, 


• Contaninant and chargad particla constraints 
and tolarancas shall ba TBD. 


3.2. 2.5 ESS/TCS Intarfaca 

Tha ESS thermal control raqulramants and mechanical 

interfaces shall ba as specified In 3, 2, 1.3, 

3. 2. 2. 6 ESS/CDS Interface 

a The ESS shall provide acconinodations for command 
and data instruments which shall be components of 
the CDS. The CDS shall provide electrical power 
for cpinmand and data channels which interface with 
the ESS. 

e The^ and data channel list for ESS shall 

be: TBD. 

e Data Channel requirements for space assembly 
and check-out shall be (TBD). 


3. 2, 2. 7 ESS/OMCS Interface 

e This Interface is c^ in Section 3.2.6. 
Transportation/Transportability 

3, 2. 3.1 The ESS components shall be transportable to space 


by the Space Shuttle. 


3.2,3.2 The ESS design, as stowed for trzuisportatlon shall 
meet the transportation environment specified in 
Section 3.2.7. 
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3.2.4 Lift and Rtliability 

3. 2. 4.1 7h« ESS •hall b« dctlgntd for a flvf yaar optrational 
Ufa# with Mintananca aa spaciflad in 3.2.6. 

3. 2. 4. 2 Tha dasign ihall ba such that failuraa will ba 
n'wprelif arating . 

3.2.4. 3 Raliability apacificationa ahall ba aubjact to 
lifa eye la eoat trada analyaaa. 

3. 2. 4. 4 Storage lifa ia TBD. 

3.2.5 Safety 

The ESS deaign and proeeduraa for all phaaaa of produotionv 
earth and apaoe integrationr tranaportation and O&H, ahall 
aaaure the ehance of sarioua injury or death over a S year 

7 

period ia leaa than one in 10 man**houra. 

3.2.6 Maintenanoe/Maintaihability 

3. 2. 6.1 Locristics and Spares 

The noma 1 supply mode shall be a set of on-hand 
(in space) modular spares and materials sufficient 
for one year's operation. The spares set shall be 
delivered by the Space Shuttle. 

3. 2. 6. 2 Overhaul 

The ESS shall be designed for overhaul and return 
to operational service at the end of five ye 2 urs. 

3.2.6.3 Maintenance 

• The ESS shall be modularized for removal and 
replacement with serviceable modules. 


■ ♦ «MieC 


• In plac* (on-array) rapalr ahalX ba limitad 
to tha call laval or highar, 

a Zn-apaea# ahop rapalr of modulaa or lowar laval 
of aaaanbly ahall ba : TBP 

a Tha ESS dailgn ahall anabla repalr/raplacainant 
(and chackout) tima of 6 manhoura par modula. 

a Tha ESS daaign ahall parmlt autoMtic fault 
iaolation to tha fallad modula. 

a Tha ESS shall be capable of asaambly and checkout 
In apace. Assembly will includa hook-up and 
attachment to tha (SMS) and other iubsyatams of 
tha SSPS system. 

3.2.7 Environment 

3. 2.7.1 Natural Environment 

The design shall meet the requirements of this 
specification within the natural environment 
(worst case 20 year prognosis) of the earth orbit 
range of: 300 to 1900 kM, all inclinations. This 

environment shall include effects due to U.V. . 

radiation r solar flares > trapped radiation and 
micrometeorites . 

3.2 .7 .2 Transportation Induced 

a Earth surface/air transport: 

' TBD 

a Launch and ascent to LEO 

- Axial acceleration of 5g 

- Lateral acceleration of O.Sg 

- Dec flng sinusoidally of 7g at l€ Hz 
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li ” Slnufoldal vibration (thro* fflutualijr 

porpondiculor diroctiono) g poaH from 
Ir 2 to 40 Kz 

• Random vibration (gaustian ampl^tud* 
diftribution) 0.1 g^/Hz from 10 to 60 HZf 
0.4 g^H* from 60 to 2,000 Hz 

* Acouatic nois* (docibols r* 0.0002 mierobar) 
up to 150 db (3 minutoa duration) 45 to 
11,200 Hz 

* Ascont Vonting Profilo - tbd 
3. 2. 7. 3 Operational Induced 

I * The induced oporational onvironmOnta shall be 

as specified in Section 3.2 interface retire* 
j;; ments. 

* Contaminants • TBD 

^ ’ 3*3 Design t Construction 

J 3.3.1 Materials Properties 

3.3.1.1 Materials Compatibility 
: TBD 

3. 3. 1.2 Outgassing y • 

V : tbd 

n 3. 3.1. 3 Insulation Resistance 

TBD' : : 

■ ' ' ■ 

M.f . .... 

' '[I ■ ' 

: ' 3. 3.1. 4 Voltage Breakdown 



TBD 


3 • 3 1 1 • 5 Confatlnanf Soureti 


TBD 

3.4 Vrlflcatlen R«crulr#wnti 

Th« rcquir«n«nts of this spociflcatlon •hall b« aa ■paeiflad in 
Sactiqn 4.0, varlfleatlon. 

3.5 Par»onnal 4 Training Raqulriaanta 
TBD 

4.0 VERIFICATIOW 
TBD * 


SYMBOL 

PARMIETER 

C0 

ESS CApaeity (AH) 

Cl 

Call Rated Capacity (AH) 

C4 

Battary Call Char^a Throughput 

D0 

Battaxy Call Maxinum Dapth of Dlacharga 

09 

Dapth of Dlacharga (flrat approximation) 

E0 

Battary Call EOL Maximum Dlacharga (AH) 


Total Llfa Cycla Coat (1980 $ H) 

F0 

Production Coat 

F0U) 

Battary Call Unit Coat 

F0(2) 

Call Matching Coat 

F0(3) 

Modula Aaaambly Coat > 

F0(4) 

Powar Channal Aaaambly Coat 

F0(5) 

Subayatara Aaaambly Coat 

F0(6) 

Accaptanca f Surface Transport Coat 

F0(7) 

Pralaunch Integration s Checkout Cost 

F0 (8) 

Space Tranaport Coat 

F0(9) 

^aca Oaployment fi Checkout Coat 

FI 

DDTfiE Cost 

Fl(l) 

DfiD Cost 

FI (2) 

Subsystem Test Hardware Cost 

Fl<3) 

Subsystem Test Hardware Assembly Cost 

Fl(4) 

Subsystem Test Operations Cost 

FI (5) 

Teat Support Equipment Cost 

FI (6) 

Subsystem Qiglneering & Integration Cost 

FI (7) 

Subsystem Program Management Cost 

F2 

Operations and Maintenance Cost 

F2 (1) 

Spares Manufacturing Cost 

F2(2) 

Training Cost 

F2(3) 

Labor Cost 

F2(4) 

Space Transport Cost 

F3 

ESS Life Cycle Cost 

F4 

Solau: Array Interface Cost 

F5(l) 

Thermal Control Interface Cost 


SYMBOL (CQntlnU«d) 


PAmMETER 


F5(2) 

H0 

10 

II 

K0 

K1 

K2 

K5 

K6 

L0 

LI 

L2 

N 

N0 

Ml 

N2 

N3 

N4 

N5 

N6 

N7 

N8 

P0 

PI 

P2 

P3 

P4 

P5 

P6 

Q(3) 

Q0 

Q2 


Powtr Conditlonin? IntArface Coat: 

Orbit: Altitudf « 

Battary Cell Maximum Diacharge Current (A) 

Battery Cell Charge Current (A) ' 

Adjuat Factor for % of Orbits During 
Which Battery Cycling Occurs 

Capacity Degradation Factor 

Voltage Degradation Factor 

Thermal Conductivity Factor 

Weight/Volume Determinant 

Required Battery Cell Life (Yr) 

Total ESS Life |Yr) 

Expected Battery Cell Life (Yr) 

Number of ESS Sides 

Total Number Of Battery Cycles 

ESS- to-subsys terns Efficiency 

Total Cells in Parallel 

Total Cells in Series 

Total Number of Cells 

ESS-to-Solar Array Efficiency 

Ess- to-Load Efficiency 

Watt- Hour Efficiency 

Number of Maintenance Cycles 
Total Load Power (W)^^ ^ ^ ^ 

Subsystems Power (W) 

Battery Cell Minimum Discharge Power (W) 
ESS Minimum Power (W) 

Battery Cell Charge Power (W) 

Maximum Solar Array Power (W) 

Total ESS Power Required 
ESS Length Factor 

ESS Maximum Discharge Heat Load (W) 

ESS Maximum Charge Heat Load (W) 

ESS Maximum Cycle Heat Load (W) 

B-2 ' 
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SYMBOL (Continued) 

PARAMETERS 

S3 

ESS Length Factor 

m 

Battery Cell Recharge Fraction 

mx) 

Battery Cell Width (cm) 

s^m 

Battery Module Width (cm) 

80(3) 

BRPC Width (cm) 

8014 ) 

Charger (P3) Width (cm) 

80(5) 

Length of ESS Side (Channel Width) (cm) 

80(6) 

ESS Diameter (cm) 

S1(X) 

Battery cell ^icknesB (cm) 

81(2) 

Maximum Battery Module Length (cm) 

81(3) 

Minimum Battery Module Length (cm) 

81(4) 

BRPC Length (cm) 

81(5) 

Charger (P3) Length (cm) 

33.(6) 

Channel Length (on) 

31(7) 

ESS Length (cm) 

32(1) 

Battery Cell Height (cm) 

32(2) 

Battery Module Height 

32(3) 

BRPC Height (cm) 

32(4) 

Charger (P3) Height (cm) 

32(5) 

Channel Height (cm) 

33(11 

Battery cell volxone ( ct ^) 

33(2) 

Large Battery Module Volume (cm^) 

33(3) 

Small Battery Module Volume (cm ) 

33(4) 

BRPC Volume (cm^) 

33(5) 

Charger (P3) Volume (cm^) 

33(6) 

Channe), Voliime (cm^) 

33(7) 

ESS Volume (cm3) 

34(1) 

Battery Cell Weight (Kg) 

34(2) 

Battery Module Weight (Kg) 

34(3) 

BRPC Weight (Kg) 

34(4) 

Charger (P3) Weight (Kg) ^ ^ 

34(5) 

ESS Channel Weight (Kg) 

34(6) 

ESS Channel interface Weight (Kg) 

S4(7).:; s'.- 

Total ESS Weight 
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SYMBOL (Continued) 

S5(l) 

S5(2) 

S5{3) 

T0 

T1 

T2 

T3 

T4 

T5 

T6 

0 

U1 

V0 

Vi 

V2 

V3 

V4 

W(l) 

W(2) 

W(3) 

W(4) 

W(5) 

WC6) 

WC7) 

W0 

W1 


PARAMETER 


Spares Factor 

Total Number of Modules Produced During 
Q&M 

Total Man»Years During OfiM 

Orbit Period (Hr) 

Maximum Discharge Time (Hr) 

Transition Time Between Solar Array 
Power fi ESS Power (Hr) 

Battery Cell Average Operating Temperature 
(OR) 

Maximum Charge Time (First Approximation) 
(Hr) 

Design Margin to Allow for Variations in 
Battery Cells 

Maximum Charge Time (Hr) 

Number of Modules/Battery 

Number of Battery Cells Per Module (Avg) 

Minimum ESS Voltage Required (V) 

Battery Cell EOL Minimum Voltage (V) 

Battery Cell Enthalpy Voltage (V) 

Battery Cell Charge Voltage (V) 

ESS Total Voltage (V) 

D&D Cost Factor 

Subsystem Test Hardware Cost Factor 

Subsystem Test Hardware Assembly Cost 
Factor 

Std)system Test Operations Cost Factor 

Test support Equipment Cost Factor 

Subsystem Engineering and Integration 
Cost Factor 

Subsystem Progr£un Management Cost Factor 
Maximum Solar Array Weight (Kg) 

Maximum Thermal Control Weight (Kg) 
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PARAMETER I RELATIONSHIP I VARIABLES I BOL I EOL 



Nuni>er of nainf enance cycles 










PARAMETER I RELATIONSHIP I VARIABLES I BOL I EOL 



Battery cell EOL E0 = Cl * Kl * D9 E0 = Battery Cell EOL Maximum 

maximum: discharge Discharge (AH) 
































PARAMETER I RELATIONSHtP I VARIABLES - - I BOL I EOL 







































charge riaie (Hr) 








































S4 (i) » Battety cell weight (Kg) 

10 » Battery cell ■axiwii 
charge current (A) 















S2(4)i - Charger (P3) height (cm) 


















parameter relationship 



S0{4)' * Charger (P3) width (c») 








S4(5) ~ ESS channel weight (Kg) 

S4(6) ESS channel Interface 
weight (Kg) 




















































parameter I RELATIOWSHIP 








































SYMBOL 


PARAMETER 


C0 

Cl 

C4 

P0 

D9 

E0 

:P 

P0 

F0(1) 

F0(2) 

F0(3) 

F0(4) 

F0(5) 

F0(6) 

F0(7) 

F0(8) 

F0(9) 

FI 

Fl(l) 
Fl(2) 
FI (3) 
FI (4) 
FI (5) 
FI (6) 
Fl<7) 
f2 

F2(l) 

F2(2) 

F2(3) 

F2(4) 

P3 

P4 . 

F5(l) 


Total ESS Capacity (AH) 

Battai^ Call Ratad Capacity (AH) 

Battary Call Charga Throughput 
Battary Call Maximum Dapth of Diichatfa 
Dapth of Diacharga (first approximation) 
Battary Call EOL Maximum Diacharga (AH) 

Total Lifa Cycla Coat (I960 $ M) 

» 

Production Cost 

Battery Call Unit Coat 

Cell Matching Cost 

Module Assembly Coat 

Power Channel Aaaembly Cost 

Subsystem Assembly Cost 

Acceptance £ Surface Transport Cost 

Prelaunch Integration 6 Checkout Cost 

Space Transport Cost 

Space Deployment £ Checkout Cost 

DDTfiE Cost 

D£D Cost 

Subsystem Test Hardware Cost 
Subsystem Test Hardware Assembly Cost 
Subsystem Test Operations Cost 
Test Support Equipment Cost 
Sv^systan Engineering & Integration Cost 
Subiiystem Program Management Cost 
Operations and Maintenance Cost 
Spares Manufacturing Cost 
Training Cost 
Labor Cost 
Space Transport Cost 
ESS Life Cycle Cost 
Solar Array Interface Cost 
Thermal Control Interface Cost 


SYMBOL (Continued) 


PARAMETER 


F5 (2) 


Power Conditioning Interface Cost 

H0 


Orbit Altitude (Nn) 

10 


Battery Cell Maximtxn Discharge Current (A) 

11 


Battery Cell Charge Current (A) 

K0 


Adjustment Factor for % of Orbits During 
Which Battery CY^ing Occuru 

XI 


Capacity Degradation Factor 

K2 


Voltage Degradation Factor 

K5 


Thermal Conductivity Factor 

X6 


Weight/Volume Determinant 

L0 


Required Battery Cell Life (Yr) 

LI 


Total ESS Life (Yr) 

L2 

• 

Expected Battery Cell Life (Yr) 

N 


Number of Sides 

N(a) 


Number of Large Modules/Power Channel Length 

N(2) 


Number of Small Modules /Power Channel Dength 

N(3) 


Number of Modules /Power Channel Length 

N(4) 


Number of Modules/Power Channel Width 

M0 


Total Number of Battery Cycles 

Ml 


ESS-to-Subsystem Efficiency 

N2 


• Total Cells in Parallel 

N3 


Total Cells in Series 

N4 


Total Number of Cells 

MS 


ESS-to-Solar Array Efficiency 

N6 


ESS-to-Load Efficiency 

N7 


Watt-Hoxir Efficiency 

M8 


Number of Maintenance Cycles 

P0 


Total Load Power : (W) 

PI 


Subsystems Power (W) 

P2 


Cell Minimum Discharge Power (W) 

P3 


ESS Minimum Power (W) 

P4 


Battery Cell Charge Power (W) 

P5 


Maximimi Solar Array Power (W) 

P6 


Total ESS Power Required 

Q(3) 


ESS Length Factor 

Q0 


ESS Maximum Discharge Heat Load (W) 
C-2 .. 


SYMBOL (Continued) 


PARAMETER 


Q1 

Q2 

R0 

50 (1) 
S0(2) 
S0(3) 
S0(4) 
S0(5) 

S0(6) 

Sl(l) 

51 (2) 
SI (3) 
Si (4) 
Sl{5) 
SI (6) 
SI (7) 
S2(l) 
S2(2) 
S2(3) 
S2(4) 
$2(5) 
S3 (1) 
S3 (2) 
S3 (3) 
$3(4) 
S3 (5) 
$3(6) 
S3 (7) 
$4(1) 
$4(2) 
$4(3) 
$4(4) 
$4 (5 ) 


ESS Maximum Charge Heat Load (W) 

ESS Maximum cycle Heat Load (W) 

Battery Cell Ri!)charge Fraction 

Maximum Battery Module Width (cm) 

Minimum Battery Module Width (cm) 

BRPC Width (cm) 

Charger (P3) Width (cm) 

Length of ESS Side (lower Channel Width) 

(cm) 

ESS Diameter (cm) 

Battery Cell Diameter (cm) 

Battery Module Length (cm) 

Maximum Usable Power Channel Width (cm) 
BRPC Length (cm) 

Charger (P3) Length (cm) 

Power Channel Length (cm) 

ESS Length (cm) 

Battery Cell Length (cm) 

Battery Module Height 
BRPC Height (cm) 

Charger (P3) Height (cm) 

Power Cheumel Height (cm) 

Battery Cell Volvune (cm3) 

Large Battery Module Volume (cm^) 

Small Battery Module Volume (cm3) 

BRPC Volume (cm^) 

Charger (P3) Volume (cm3) 

Power Channel Volume (cm3) 

ESS Volume (cm^) 

Battery Cell Weight (Kg) 

Battery Module Weight (Kg) 

BRPC Weight (Kg) 

Charger (P3) weight (Kg)^^ ^^^ 

Power Channel Weight (Kg) 

C'3 


SYMBOL (Continued) PARAMETER 

S4(6) Power Channel Interface Weight (Kg) 

S4 (7) Total ESS Weight 

S5(l) Spares Factor 

S5(2) Total Number of Modules » Produced During 

O&M 

S5 (3) Total Memyears During OfiM 

T0 Orbit Period (Hr) 

Tl Maximum Discharge Time (Hr) 

T2 Transition Time Between Solar Array Power 

fi ESS Power (Hr) 

T3 Battery Cell Average Operating Tempera- 

ture (®K) 

T4 Maximxan Charge Time (first approximation) 

(Hr) ' 

T5 Design Margin to Allow for Variations in 

Battery Cells (Hr) 

T6 Maximum Charge Time (Hr) 

U Number of Modules/Battery 

01 Number of Battery Cells Per Module .(Avg) 

V0 Minimum ESS Voltage Required (V) 

VI Battery Cell EOL Minimum Voltage (V) 

V2 Battery Cell Enthalpy Vpltage (V) 

V3 Battery Cell Charge Voltage (V) 

V4 ESS Total Voltage (V) 

W(l) i DfiD Cost Factor 

W(2) Subsystem Test Hardware Cost Factor 

W(3) Subsystem Test Hardware Assembly Cost 

Factor 

W(4) Subsyst(M\ Test Operations Cost Factor 

W(5) Test Support Equipment Cost Factor^^^^^^^ 

W(6) Subsystem Engineering £md Integration cost 

Factor 

H(7) Subsystem Program Management Cost Factor 

W0 Maximvmv Solar Array Weight (Kg) 

Wl Maximum Thermal Control Weight (Kg) 
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Maxinun charge tine (Hr) 
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S0|1) - Maximum battezy module 
width 















S2 (2) » Battezy a»dule height; 
(cm) 
































S4(7) » Tbtal ESS weight (Kg) 
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Total cells in parallel 




























SYMBOL 

Cl 

C2 

D0 

D(l) 

D(2) 

D7(l) 

D8 

E0 

El 

El(l) 

E2 

E2(l) 

E7 

E8 

E8(l) 

E8(2) 

P 

P0 

P0(1) 
P0 (2) 
t0(3) 
P0(4) 
P0(S) 
P0(6) 

P0(7) 

F0 (8) 

P0{9) 

I 

P0(1O) 

P0I11) 

P0(12) 


PARAMETER 

PCO Atm (Qn^) 

ECU Area (Qn^) 

Total' ESS Energy 

ESS-to-Load Efficiency 

ESS-to-Subsy stem Efficiency 

Distribution Efficiency For Internal 
ESS Power 

ESS-to-Solar Array Efficiency 

Total ESS Voltage Required (V) 

FCU Dark Period Output Voltage (V) 

Minimum FCU Voltage 

ECU Light Period Input Voltage (V) 

Maxim vm ECU Voltage (V) 

Total ESS Output Vo'ltage (V) 

Total ESS Light Period Input Voltage 
(V) 

Total Solar Array Voltage Required (V) 

Input ESS Voltage (V) 

Total Life Cycle Cost 

Total Production Cost 

FCU Total Production Cost 

ECU Total Production Cost 

FCS Total Production Cost 

ECS Total Production Cost 

Power Module Total Production Cost 

Ancillary Equipment Total Production 
Cost 

Subsystem Assembly Total Production 
Cost 

Subsystem Accepteuice Total Production 
Cost ■ : 

Prelaunch Acceptance Total Production 
Cost 

LEO Transport Total Production Cost 
LEO Deployment Total Production Cost 
LEO/GEO Transport Total Production Cost 

D-t 


SYMBOL (Contlnu«d) 


PARAMETER 


TX 

Totftl Coat for DDT SB 

FI(l) 

DSD Cost for DDTSE 

FI (2) 

STH Cost for DDTSE 

Fl(3) 

STHA Cost for DDTSE 

FI (4) 

STO Cost for DDTSE 

Fl<5) 

TSE Cost for DDTSE 

FI (6) 

SESl Cost for DDTSE 

FI (7) 

Management Material Cost for DDTSE 

F2 

OSM Total Cost 

F2(l) 

Spares Cost* OSM 

F2(2) 

Training Cost* OSM 

F2(3) 

Maintenance Cost* OSM 

F2 (4) 

Space Transport Cost* OSN 

F7 

Total ESS Cost 

F0 

Solar Array Cost 

F9(l) 

Thermal Control Cost 

F9(2) 

Power Conditioning Cost 

H0 

Orbit Attitude (Kn) 

H2 

ECU Ideal Gibbs Free Energy 

H6 

ESS Storage "DOD*' Factor 

H6(l) 

Fallurb Replacement Factor 

H6(2) 

Overhaul Replacement Factor 

H7 

Total Astronaut Manyear 

10 

Total ESS Current Required (A) 

11 

FCU Dark Period Current ^(A) 

12 

ECU Light Period Input Current (A) 

17 

Total ESS Output Current (A) 

18 

Total ESS Light Period Input Current (A) 

JKl) ” 

FCU Dark Period Current Density 
(Ma/cm^) 

Jl(2) 

FCU Light Period Current Density 
(Ma/cm2) 

J2(l) 

ECU Dark Period Current Density (Ma/cm^ ) 



SYMBOL (Continuad) 

PARAMETER 

J2(2) 

ECU Liaht Period Current Denelty 

(Me/ciR^) 

K0(1) 

Adjustment Factor for % of Orbits During 
Which Battery Cycling Occurs 

K0(2) 

Eclipse Averaging Factor 

Kl(l) 

FCU Dark Period Heat Load Factor 
'(W/cm2) 

Kl(2) 

FCU. Light Period Heat Load Factor 
(W/cm2) 

K2(l) 

ECU Park Period Heat Load Factor 
(W/cm2) 

K2(2) 

ECU Light Period Heat Load Factor 

K3 

FCS Failure Rate Fraction 

K4 

ECS Failure Rate Fraction 

K5(l) 

DDTCiE Adjustment Factor 

K5(2) 

DDTfiE Adjustment Factor 

K5(3) 

DDT&E Adjustment Factor 

> 

K5(4) 

DDTfiE Adjustment Factor 

K5(5) 

DDTfiE Adjustment Factor 

K5(6) 

DDTfiE Adjustment Factor 

K5(7) 

DDTfiE Adjustment Factor 

K6 

AE Failure Rate Fraction 

K7 

S/S Failure Rate 

K8 

Ht./Vol, Determinant 

K9 

Thermal Conductivity Factor 

L0 

Total ESS Life 

LI 

FCU Life (Yr) 

ha) 

FCU Life Required (Hr) 

L2 

ECU Life (Yr) 

L(2) 

ECU Life Required (Hr) 

1*3 

Esqpected Pump Life 

L(3) 

Required Ptsnp Life 

N ^ 

Number of ESS Sides 

N0 

Total Number of ESS Cycles 


SYMBOL (Continufd) 


PARAMETER 


N0(1) 

Nunbsr of Maintonanca Cyolaa (FCU) 

N0(2) 

Munbar of Malntananca CycXas (ECU) 

N0<3) 

Munbar of Malntananca Cyclas (Pump) 

N(l) 

Mumbar of Malntananca Cyclas Raqulrad 
(FCU) 

Ml 

Total Mumbar FCu 

Nl(l) 

Total Parallal FCU 

Ml (2) 

Total Serias FCU 

Ml (3) 

Avarage Mumbar Fcu/FC Stack 

N(2) 

Munbar of Malntananca Cyclas Raqulrad 
(ECU) 

M2 

Total Mumbar ECU 

N2U) 

Total Parallal ECU 

M2 (2) 

Total Sarlas ECU 

M2 (3) 

Average Mumbar ECU /EC Stack 

M3 

Total FC Stacks 

M(3) 

Required Punp Maintenance Cyclas 

M3 (1) 

Number Parallel FC Stacks/Channal 

M3 (2) 

Number Series PC Stacks/Channel 

M3 (3) 

Total FC Stacks/Channal 

M4 

Total EC Stacks 

M4(l) 

Nunber Parallel EC SVacks/Channel 

M4(2) 

Number Series FC Stacks/Channel 

M4(3) 

V 

Total EC Stacks/Channel 

MS 

Number of Channels 

M5(l) 

Number of P3 Chargers 

M5(2) 

Number of Power Conditioners 

M7(l) 

Number of FC/EC Stacks in ESS Side 
Direction 

M7(2) 

Number of FC/EC Stacks in ESS Length 

P0 

Total ESS Power Required (H) 

PI 

FCU Dark Period Output Power (W) 

P(l) 

Total Load Power (W) 

PKl) 

FCU Averaging Operating Pressure 


li 


I! 


It 

i-i 


I j 


(Kg/ctn2) 


Q 


D4 


n 






SYMBOL (Contlnutd) 


PARXMETER 



P2 

ECU Light Period Input Power (W) 

P(2) 

Subsyiteme Power (w) 

P2 (1) 

ECU Average Operating ProeauroCKg/oni*) 

P6(l) 

H 2 Storage Tank Pressure (Kg/cm2) 

P6(2) 

0^ Storage Tank pressure (Kg/cm^l 

P7 

Total ESS Output Power (W) 

P7(l) 

Internal ESS Power Required (W) 

PS 

Total ESS Light Period Input Power (W) 

P8(l) 

Total Solar Array Power Required (W) 

Ql(l) 

FCU Dark Period Heat Load (W) 

Q1C2) 

FCU Light period Heat Load (W) 

Q2 (1) 

ECU Dark Period Heat Load (Wjf 

Q2i2) 

ECU Light Period Heat Load (W) 

67 

Total ESS Maximum C^cle Heat Load (W) 

67 tl) 

Total ESS Dark Period Heat Load 

Q7t2). 

Total ESS Light Period Heat Load 

Rltl) 

FCU M 2 Consumption Rate (Kg/hr/a) 

R2{1) 

ECU H 2 Generation Rate (Kg/a/hr) 

SI Cl) 

FCU Active Length (Cm) 

S1C2) 

FCU Active Width (cm) 

Sl(3) 

FCU Thickness (Cm) 

S2(l) 

ECU Active Length (Cm) 

S2(2) 

ECU Active Width (Cm) 

S2(3) 

ECU Thickness (Cm) 

S3(l) 

PC Stack Length (Cm) 

S3 (2) 

FC Stack Width (Cm) 

S3(3) 

Minimum FC Stack Height (Cm) 

S3(4) 

Maucimum FC Stack Height (Cm) 

S4(l) 

EC Stack Length (Cm) 

S4(2) 

EC Stack Width (Cm) 

S4(3) 

Minimum EC Stack Height (Cm) 

S4(4) 

Maximum EC Stack Height (Cm) 

S5(l) 

Power Module Length (Cm) 


D-5 
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SYMBOL (Continued) 

PAIIAKE7ER 

S5(2) 

Powei: Module Width (Qn) 

S5(3) 

Power Module Height (Cm) 

S5(4) 

Oeable Power Module Width (Cm) 

S5(5) 

Pj Length (Cm) 

S.*>( 6 ) 

P 3 Width (Cm) 

S5(7) 

P3 Height (Cm) 

S 6 (l) 

ESS Totel Ancillary Equipment Diameter (Cm) 

S6(2) 

ESS Total Ancillary Equipment Length (cm) 

87(1) 

ESS Length (Cm) 

87(2) 

ESS Diameter (Cm) 

87(3) 

Length of ESS side (Cm) 

87(4) 

ESS lUdius of Inecribed Circle (Cm) 

70 

Orbit Period (Hr) 

70(1) 

Traneition Time Between Solar Array 
Power e^d ESS Power (Hr) 

T0(2) 

Deeign Margin to Allow for Variatione 
in fCO'b and ECO’* 

71 

Maximim Dark Period (Hr) 

Tl(l) 

PCO Average Operation T«nperature (*K) 

T2 

Minimum Light Period (Hr) 

T2 (1) 

ECO Average Oparating Temperature (^K) 

T3 

Average Dark Period (Hr) 

T4 

Average Light Period (Hr) 

T5 

Power Module Average Operating Tempera- 
ture (*K) 

76 

ESS Storage Tank Temperature (*K) 

00 

Intermediate variables 

01 ( 1 ) 

Temperature Adjusimient Factor 

01 ( 2 ) 

Pressure Adjustment Factor 

VI 

•FCO Volwe (OrA 

V2 

ECO Volume (Cm^) 

V3(l) 

Minimvm FC Stack Volvme (Cm^) 


D-4 


SYMBOL (Continusd) 


PMUOtETER 


V3(2) 

V4(l) 

V4 (2) 
V5 

vsa) 

V6 

V6(l) 

V6(2) 

V6(3) 

V7 

W0(1,1) 

W0(l,2) 

W0(l,3) 

W0(2,l) 

W0(2,2) 


W0(2,3) 

VI 

W2 

W3 

H4 

W5 

W5(l) 

W5(2) 

W6 

W6(l,l) 
W6(l,2) 
W6(l,3) 
W6 (2^1) 
W6(2,2) 
H6(2,3) 


Maximum FC Stack Volume (Qt^) 

Ninimtan fiC Stack Volxma (Qn^) 

Maximum EC Stack Volume (Cm^) 

Power Module Volume (Qn^) 

P^ Volune (Cm^) 

ESS Total Ancilliai^ Equipment Volume (cm) 
ESS Total H 2 volmne (Cm^) 

ESS Total Oj Volwne (Cm^) 

ESS Total H 2 O Volume (Cm^) 

ESS Volume 

tcu Maximum Dark Period Conevmption 

FCU Minimum Light Period H 2 Con8umption 

ECU Maximun Total Conaumption (Kg) 

ECU Maximum Dark Period GeneratlQn (Kg) 

ECU Minimum Light Period H_ Generation 
(Kg) ^ 

ECU Maximum Total H 2 Generation (Kg) 

FCU Height (Kg) 

ECU Height (Kg) 

Average FC stack Height (Kg) 

Average EC Stack Height (Kg) 

power Module Height (Kg) 

P^ Height 

ESS Maximum Total Conaunption (Kg) 
Ancillary Equipment Total Height (Kg) 

ESS Total storage (Kg) 

ESS Total 0^ storage (Kg) 

ESS Total H 2 O storage (Kg) 

H 2 Storage Tank Dry Height (Kg) 
storage Tank Dry Height (Kg) 

HjO Storage Tank Dry Height (Kf) 


SYMBOL (Continutd) 


PARAMETER 


W6(3,l) 

W6(3,2) 

W6(3,3) 

W7 

WB 

W9(l) 

W9(2) 


H 2 Stoirag* Tank Maximum Hafc Weight (Kg) 

O 2 Stpiragn Tank Maximum Wat Weight (Kg) 

H 2 O Storage Tank Maximum Wet Weight 
(Kg) 

Total ESS Weight (Kg) 

Maximum Solar Array Weight (Kg) 

Maximum Thermal Control Weight (Kg) 
Maximum Power Conditioning Weight 



IM 



for variations 
and BCU's 
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internal ESS power 















I RELATIONSHIP I VARIABLES I BOL I EOL 



SI (21 = FCO Active width (cm) 







PARAMETER RELATIONSHIP 



Total ESS current required 






L(I) = FCU life xequired (Hr) 














E0 = Total ESS voltage req. (V) 
El = FOO darlc period output vol 
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Mininiun light: period (Hr) 






S2 (1) — ECU active length (ca) 












pressure (Kg/cm^) 
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N2 (2) » Total series ECU 
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of channels 
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S5 (7) * P3 height (ca) 
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Fl (7) » Mcuiagement. naterial cost 
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H6 (1) + W3 * W3 = Average FC stack weight (Kg) 
W4 = Average BC stack weight (Kg) 

* (N( 9 ( 2 ) — 31 ) + 

(N0(3) -1) * W6 » Ancillary equipment toteti 
X 1.99 + 3600 * weight (Kg) 

.5) /1000 _ Total FC stacks 
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N5 (2) = Number of power 
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LEO 


25 KW ESS 


CNiCd) 


MISSION PflRftMETERS 

1 Total Numbof of Batt-i-rj'’ 0.^cl«-s: 1B032O 

2 Maxi mum Dlschar?* Timo CHr) .S2355 

3 Minimum Charge Tim* <Hr> .SOSOS 

4 Total ESS Lif* <Vr> 30 

5 Numbsr of HarcJwar* Llf* Cxclas 4 


ESS PERFORMANCE REQUIREMENTS 

1 Total Pow*r Re-^uired <W> 2SS2-5 

2 Total yoltaa* R*“^uir*d CV> 12S.S 

3 Re'^uired Eattarx Lif* <Vr> * S.8S3 


ESS PERFORMANCE PARANETERS 

1 Max 1 mum Ba 1 1 * rx Life < Y r > 

2 Caracitx Degradation Factor 

3 Vo 1 f aee Dee r ada t i on Fac tor 

4 EOL Minimum Power < W ) 

5 EOL Minimum Voltaee <V> 


150S 

13 

ns 


14 .5 


BATTERY CELL QUANT ITiES 

1 Total Number of Cells 

2 Total Ce 1 1 s in Pa rail e 1 

3 Total Cells in Series 

4 Number of Modules/Bat terx^^^^^^^^ 

5 Number of Cells ‘’Module <Ave> 

LEO 25KW NiCd 
■ E-l . ■ 


7.0S5S 
. S943S 
.89430 
29901 
129.12 




ii 


t 



BfiTTEP.Y CELL DISCHARGE 
PARAMETERS 


1 Rated Cell Capacitj'’ <AH> 


BATTERy CELL CHARGE PARAMETERS 


1 Recharee Fraction 
£ Charee Throughput 

3 Gharae Current <A> 

4 Charee yoitaee.CV) 

5 Wat t -Hour E 1 1 iciencx 


ESS THERMAL PARAMETERS 


1 Average Opera tine Tempera tur 
<De?-K> 


2 Batterx Cell Enthalpx Voltae* 


3 Maximum Discharee Heat Load 

<W> 


4 Maximum Charee Heat Load <W) 

5 Maximum Cycle Heat Load 


ESS INTERFACE PARAMETERS 


1 Max Sola r Array Power <W> 

2 Max Sola r A rray Weieht <Ke> 


3 Max Thermal Control Weieht 




LEO 25KW NiCd 


5© 


r-^ 

hm: 

EOL 

Max . 

Depth 0 ^ Discharee 

. 2483? 

3 

EOL 

Max, 

Di’scharee <AH> 

11,107 

4 

Max , 

, DiS' 

c h a r e e C u r r e h t < A > 

17. 813 

K 

w 

EOL 

M i n . 

Vo 1 1 aee C V> 

1 .1131 


1 .057? 
1 .0143 
12,93? 
1 .65Se 
. S3454 




1.2779 

4427" 


S7SS 


34S07 

710 

853 






if i 


I t 


u 


1 1 


j ! 
1 1 


{ ■! 

1 




im 

mmm 





1 £•« 1 1 ry Ce i 1 ( i nc 1 t.? rw i n-a 1 # / 

2 E-at t^rv •MocJui'? <ftv?) 

3 BRPC 

fc , , , 

4 Ch-a »••?€■ r <P’3> 

5 Chanriel Altss interf acss’J 

6 C h a n n a 1 i h t ® r f sc s s 

7 ESS Cincl Iriterfsces) 


2 0274 
3i . ©IS 
2 . 32 
24. S5 


2SS . ?S 


4. ©43 
4116 



DIMEHSIOHS CGM> 

1 Battsry Csll <incl ternvirtals> 

CLyWKH) 

2 La rss Bat t e ry fiodwle •LLxWyH.'* 

3 Small Battery Module CLxWxH) 

4 BRPC <:Lxia.xH:j 

5 Chareer <f-3> <.LxWxH> 

6 Channel tLxWxH) 

7 ESS <LxDxSX 


VOLUMES •,cniJ'> 


1 Battery Cell Cincl terminals) 

2 Laree Battery Hodule 

3 Small Battery Module 

4 BRPC 

5 Chareer <p3> 

6 Channel Class Interfaces) 

7 ESS < incl Inter faces) 


12 

70 

X 

3, 

30 

X 

17 

69 , 

40 

X 

16. 

60 

X 

23 

64 . 

.80 

X 

16 

60 

X 

23 

21 . 

,40 

X 

12, 

. 70 

X 

6 

63. 

.50 

X 

26 . 

.90 

X 

16 

103 

‘ 60 

X 

198. 

. 30 

X 

1*1 
c. c> 

207 

.20 

X 

457 

.00 

X 

198 


72S 

26727 

24556 

1735 

28134 

593720 

29608000 


E-3 

liEO 25KW Nica 





1 © . 
t sT 


LIFE CYCLE COSTS a5S0*M> 

DDT&E 

PRODUCT I OH 
% Eat C»1 1 

1 Can TIatchin’i 

2 Modul® flssambly 

3 Chanri®! Rssambly 

4 Subsystam flss®nibly 

5 B c c ® p t a fi c ® S u r* i a c ® T r a h s p o y t 

S Pr® launch In t®® rat ion & 
Ch*ckout 

7 Spac® Transport 
S Spac® D®ployw®nt & Ch®ckout 
OPERATIONS ik MAINTENANCE 

1 Spares Production 

2 Cr®w Trainin® 

3 Labor 

4 Spac® Transport 


< .44S> 

2 a I 

i t 

2 ,8Si 
1.SS4 
1 .382 
.221 

®ViS'i 

.045 


13.614 
I , 350 
8 , 424 
59.587 


122 ; 


975 


ESS LIFE CYCLE COST 


PC' 


INTERFACE COSTS 

1 Solar Array 232 . 239 

2 Thermal Cont rol ^ 

3 Power Condi t ion in® 1.761 

TOTAL LIFE CYCLE COST 



ORIGINAL PAGE IB 
OF POOR QI^^TT* 


LEO 25KW NiCd 

E4 


LEO 50KW E$$ <HiCd,' 


MISSION Pf* iflMETERS 

1 To\.il Number of Battery CycUx ISOSSO 

2 Maximum Dlfcharf* Tim* <Hr> .621!55 

3 Minimum CHar*.* Timt CHr .SOSeS 

4 Total ESS Lif* CYr> 30 

5 Numbar of Hardwar* Lif* Cyclas 4 


ESS PERFORMftNCE REOJJIREMEH^^^^ 

1 Total Power Rei.uired CW> 59350 

2 Total Voltaee Required CV> 128.8 

3 Required Battery Life <Vr> 3.863 


-f ' . ^ ^ ' 

ESS PERFORMANCE PftRftMETERS 

1 Maximum Battery Life ^Yr> 7.095 

2 Capacity Degradation Factor ,89438 

■ . ■ , i- ■ , . . 

3 Voltaee Deeradatiori Factor ,89438 

4 EOL Minimum Power <W> 59801 

5 EOL Minimum MoltaeeCV> 129.12 


BATTERY CELL QUANTITIES 


1 Total Number of Cells 3016 

2 Total Cells in Parallel 26 

3 Total Cells in Series i ig 

4 Humber of ModulesyBattery g 


5 Number of CellsyModule <Avs) 


14 .5 






’^ITTERY CELL DISCHARGE 
AP.RftMETERS 

1 R-st'i'd C*U CiP-acity <flH> 50 

2 EOL Max, Dapth of Di*char-9a .24S37 

3 EOL Max. Discharf* <AH> 11,10? 

4 Max. Dischar'9* Currant <A> 1F.S13 

5 EOL Min. AiJoltaa* <V> 1.1131 


EiftTTERY CELL CHARGE PARAMETERS 


.1 Rachar^a Fraction 1,0577 

2 Charaa Throughput 1.0143 

3 Char-?a Currant < A> 12.93? 

4 Charaa Voltaaa CV> 1 .S5S6 

5 Watt-Hour Et f iciancx ,63454 


SS THERMAL PARAMETERS 


1 Avaraaa Op-aratina Tamparatura • 283 

<Daa-K> 

2 Battarx Call Enthalpy Ooltaae . 1.2779 

<V> 

3 Maxlh'iurn Discharaa Haat Load 8854 

<W> . 

4 Maximum Charaa Haat Load <W> 17572 

5 Maximum Cycla Haat Load <W> 17572 


ESS INTERFACE PARAMETERS 

ORIGINAL PAGE IS 

1 Max Solar Array Power <W> OF POOR QUALITY g 32 13 

2 Max Solar Array Waiaht <Ka> 1419 

3 Max Thermal Control Mai ah t 1705 

<Ka> 



LEO 50KW NiCd 

E-6 


i*EISHTS *!. k"?) 


1 Bat Call «.iricl tarmirMls;"* 

2 Batta*’y hoclula 


5 BRPC 


4 Char'far i>3> 

5 Channel <le*s i ntar f aces> 

6 Channel Interface* 

? ESS <incl intert'acesV 


2 C2?4 
3 1 C IS 


2 . 32 


24 . 95 
288. ?S 
4.043 
8231 <S.) 



or MENS I OHS <CM> 


■%. 

1 

Battery Cell Cincl terrHlnals.? 
<Lj<WkH> 

12.70 

7? 

3.30 

X 

17.30 

2 

Laree Batter?^ Module <LxHxH> 

69.40 

K 

16.60 

X 

23 . 20 

3 

Swall Battery Module ^LkWxH) 

64 . 80 

X 

16.C0 

X 

23 . 20 

4 

BRPC axWxH) 

21.40 

X 

12,70 

X 

6,40 

5 

Chfereer <f 3> CLxWxH) . 

63.50 

X 

26.90 

X 

16.50 

It 

Channel (LxWxH) 

103.60 

X 

198.30 

X 

28.90 

? 

ESS CLxDxS/ 

414.40 

X 

457 . 00 

w 

198 . 30 


VDLyMES Ccffi3> 


1 ^ : 

: 1 

Battery Cell 

C i n cl t e rminals) 

725 

In-- ■■ ■■ 


karee Battery 

Module 

; 26727 


3 

Small Battery 

Module 

24956 

ir; - 

4 

BRPC 


1739 

1 ' 

i ~ i 

5 

Chareer :Ce|> 


28184 

1 

\ . 6 

Channel < less 

Interfaces) 

593720 

1-^ 

■ 7 

ESS <incl Interface*) 

59216000 


LEO 50KW NiCd 

£-7 



LIFE CVSLE COST? aSSSiM? 

DOTe,E 

PRODUCT I OH 
-i B.iXX*ry C*1 } 

1 C* 1 1 Ma t ch i n-f 

2 Hodul* Bss*fftbly 

3 Charm* 1 

4 Subxy«t*ni ft‘j:*#fribl}' 

5 flcc*^t*nc* & Surfac* Tr'»hsi^ort 

€ Pr# launch Iritaffit ion 
Chackout 

? SFac* Tf^ansFort 
8 SFac* D«-p I oym*n t & Ch#c kou t 
OPERfiTIONS & MfllKTEHfiNCE 

1 SFar«s Production 

2 Cr'*u Training 

3 Labor 

4 SFac* Transport 
ESS LIFE CYCLE COST 

INTERFACE COSTS 

1 Solar Array 

2 Thermal Control 

3 pow* r Condi t i on i na 

TOTAL LIFE CYCLE COST 


< .415> 
3.505 
2.598 
5. 158 
2.839 
2,030 
. oSl 

18.380 

.091 


20.750 

2.693 

18.801 

198.742 


405. 188 
9.207 
3,189 


14.383 
32. 780 


238 . 988 


288,149 



ES 

LEO 50ia< Nlcd 


OKieiNAL tAGB ® 

OP pooK QUAijrv 





CNiCd> 


MISSION PflRfiMETERS 


1 Total Huiftbar of Bat t*ry Crclof- 

2 Maximum Di#charf* Tima <Hr> 

3 Minimum Chara# Tima CHr) 

4 Total ESS Lifa <Yr> 

5 Numbar of Hardwara Li fa Cyclaf. 


160320 
. 62355 
. 90815 



ESS PERFORMRHCE PflRflMETERS 


1 Maximum Battarx Lifa CVr> 

2 Caaacitx Dafradation Factor 

3 Voltaaa Daaradation Factor 

4 EOL Minimum Powar <W> 

5 EOL Minimum Voltaaa CV) 


6.9534 
. 89234 
,89234 
120170 
129.73 






BSTTERV CELL DISeHfiRGE 
PflPftMETERS 


1 Psi*d C*ll C.-sPicity <AH) 

2 EOL M.s>:, DtP-tH of Diapchirf* 

3 EOL H*x. Pischiff# <flH) 

4 Miiy, Current (ft) 

5 EOL Min. Volt**# CV> 


BATTERY CELL CHARGE PflRAMETERS 

t R*ch*r## Friiction 

2 Chif*# ThroufhF'Ut 

3 Ch*r## Cwrr#rit ^ ft> 

4 Ch*r’»# Volta-s# < V> 

5 W*tt--Hour Efficl#ncy 


, ESS THERMAL PARAMlTERS 

r ■■■• • 

1 Avers?# Optrstiri? Terriper'Situr# 

r <D#?-K> 

2* Battery Cell Enthalpy Volta?# 

j: ■, <V) 

3 Maxifram Dlfchar?# Heat Load 

<w>.^ 

4 M ay 1 niu P C h a r ? # H # a t L o a d <W ) 

5 Mayimwm Cycl# Heat Load <W> 


ESS IHTERFACE PAPAMETERS 

1 May Solar Array Power <W) 

I 2 M ax So 1 a r A r r ay W# i ? h t < K?> 

Max Thermal Control W#i?ht 
<K?> 


LEO 10< 


5 © 

. g 53 S 5 
11 .326 
IS . 163 
1 .loss 


1 .©552 
1 .©14 
13.16 
1.663S 
. 63152 


283 

1 . 2?5 

1 3©13 

35775 

35775 


13 B 740 

2 S 65 

3471 



'■ A 




\ 

1 i 






E-iO 



DIMEtlSIOHS (CM) 


1 Bitter>' Cell Xincl terwinals, 
(LxWxH) 

2: Lar?© Batter?^ Module (LxWxH) 

3 Small Ba x t ery Modu 1 © CLxWxH ) 

4 BRPC (LxWkH) 

5 Charaef 03> (LxWxH) 

6 Charin©! (LxWxH) 

7 ESS (LxDxS) 


12 , 

1 

.70 

X 

3 . 

30 


17 , 

30 

6 B, 

.40 

X 

16 , 

.60 

X 

23 , 

,20 

64 , 

,80 

X 

16 , 

,60 

X 

23 , 

,20 

21 

. 60 

X 

12 , 

.70 

V 

*'*• 

6 . 

,40 

63 , 

. 50 

X 

26 , 

,90 

X 

1 6 , 

,50 

1 03 

» 60 

X 

174 

.90 

X 

2 8 , 

,90 

70s 

\ imW 

.20 

X 

457 

,00 

X 

174 

.90 


V 0 L U M E b ( c m ■ ) 


1 Bat t©rx Cell (incl terrtiinais) 

2 Lara© Battery Modwl© 

3 Small Battarx Module 

4 BRPC 

5 Chaf'fer (m3> 

t- Channel (less Interfaces) 

7 ESS (incl Interfaces) 


725 

26727 

24 S 56 

1756 

28184 

523660 

107110000 


E-ll 

LEO lOOKW NiCd 


2i .126 

6 £f , 5 3 4 


LIFE CYCLE COSTS 


DDTStE 


PRODUCTION 


A B«t C*sl 1 

< .. 386 

1 C«1 1 Mat chin? 

5.980 

2 Nodule flssenibly 

4.113 

3 Chahnel fissembly 

9 . 60S 

4 Subsystefft ftssem&ly 

3.920 

5 ftcceptarfce Surface Transp-ort 

3 . 343 

6 Prelaunch Integration & 
Checkout 

.701 

7 SF-ace Transport 

32 . o88 

8 SFace Deployment S« Checkout 

. 181 

OPERftTIONS & MFtlNTENflNCE 


1 Spares Production 

34.316 

2 Crew Train in-? 

5 . 280 

3 Labor * 

32.947 

4 Space Transport 

390.513 

ESS LIFE CYCLE COST 


INTERFACE COSTS 


1 Solar fir ra.v 

712. 325 

2 Thermal Control 

1 0 . 358 

3 Power Condi t ion in-? 

5.611 


TOTftL LIFE CYCLE COST 


463 , 056 


544,716 


1276.010 



LEO lOOKW NiCd 
E-JJ 








BftTTERY CELL DI.«:CHftRG.E 
PftPftHETEfS 

1 Rat 9 d C*ll Cap-aciVY <flH> 5© 

£ EOL Max. Depth of Dischar-?!? .25723 

3 EOL Max. Discharge <flH> 11.46 

4 Max. Dischart^e Current <fl) 18.37S' 

5 EOL Min. Voltaee <V> ' 1.106 


BfiTTERY CELL CHRRGE PfiRRMETERS 

1 Recharee Fraction 

2 Charee ThrouehFut 

3 Charge Current <R) 

4 Charee Voltage <V> 

5 Watt -Hour Efficiency 


ESS THERMAL PfiRRMETERS 

1 Average Operating Terdperature 

<Deg-K> 

2 Battery Cell Enthalpy Voltage 

<V) 

3 Maximum Discharge Heat Load 

<W) 

4 Maximum Charge Heat Load <W) 

5 Maximum Cycle Heat Load <W> 

ESS I NTERFRCE PARAMETERS 

1 Max Solar Array Power <W> 

2 Max Solar Array Weight <Kg> 

3 Max Thermal Control Weight 

M-14 

LEO 250KW NiCd 


1 . 0538 
1 .0138 
13.298 
1.6671 
. 62957 


283 

1.'2731 

45275 

89978 

89978 


34^540 

7166 

8728 


HEIGHTS <Ke) 

1 Battery Cell <incl terminals^ 

2.0274 

2 

Bat tery 

Module <ftve> 

31.299 

3 

BRPC 

-» 

2.34 

4 

Charter 

i>3) 

24 . 95 

5 

Channel 

Cless interfaces) 

291.55 

6 

Channel 

Interfaces 

4 . 082 

7 

ESS: Cincl Interfaces) 

37794 


DIMENSIONS <CM> 


1 Battery Cell Cincl termihals) 

<LxWxH> 

2 Laree Battery Module <LxWxH> 

3 Shi a 1 1 B a 1 1 e r y Module < L x W xH > 

4 BRPC <LxWxH> 

5 Charter <p3) <LxWxH> 

€ Channel <LxWxH) 

7 ESS <LxDxS) 


12.?© X 3.30 X 17.30 

69.40 X 16.60 X 23.20 
64.80 X 16.60 X 23,20 
21.60 X 12.70 X 6.40 
63.50 X 26.90 X 16.50 
103,60 X 174,90 X 28.90 
1657,60 X 457.00 x 174.90 


VOLUMES <crn3> 

1 Battery Cell Cincl terminals) 

725 

2 

Laree Battery Module 

26727 

3 

Smal 1 Battery Module 

24956 

4 

BRPC 

' 1756 

5 

Charter Cp3) 

28184 

6 

Channel Cless Interf aces) 

523660 

■ 1 ; 

ESS Cincl Inter faces) 

244830000 




LIFE CYCLE COSTS 'aSSe-JM) 

DDT!»<E 

PRODUCTION 

i C*13. .351> 

1 C#U Match in-9 it. 9^3 

t flo'dul'9 flssafftbly S.t'isiu 

3 Channel ftssemblj^ _ 22.84S 

4 Subs'^sterrt flssefrtbl>‘ ?.F3S 

5 Acceptance <k Surface Trans^Por't F,ll"4 

6 Prelaunch Integration 1.534 

Checkout 

7 Space Tran -sport 75.210 

8 Space Deployment Checkout *416 

OPERATIONS & MAINTENANCE 

1 Spares Production 73.450 

2 Crew Trainin-9 13.043 

3 Labor . 385 

4 Space Transport 864.711 


28.387 
1 36 .460 


1132 . 588 


ESS LIFE CYCLE COST 


1288 . 436 


INTERFAGE COSTS 

1 Solar Array 

2 Thermal Control 

3 Po we r Cond i t i on i n-? 


1487.352 

25.715 

12.082 


TOTAL LIFE CYCLE COST 


?■ ffl o 


E-i6 

LEO 250KW NiCd 







GEO 25KW NiCd 

£-17 


E-flTTEPY CELL D I SCHflRGE 
PfiRfiflETERS 


I R a T e d C e 1 1 C a f- a c i t x t ft H > 


50 

2 EOL Max. DeFth of Discharee 


.55 IS 

3 EOL Max Diarcharee <PH> 


XT 1 354 

4 M a X. D i r- c h a r ? e C u r rent C ft ) 


23. 15S 

5 EOL Min. Wol taee <M> 


1.1946 

BftTTERY CELL CHARGE PftRftMETERS 



1 R e c h a r e e F r a c t i o n , 


1.0275 

2 Charee Throuehput 


1.0152 

3 Charee Current <ft> 


1 .237 

4 Charee Voltaae <V> 


1 4043 

5 Watt -Hour Efficiencx 


.82793 

ESS THIRMftL PRRflMETERS 



: ftveraee OFeratine Temperature 
<Dee-fO 


283 

2: Batterx Cell Enthalpx yoltaee 

<V> 


1,4166 

3 Max'imum Disch Heat Load 

<W.v 


5552 

4 Max imufiv Char ee Heat Load <W> 


35 

5 Maximum Cxcle Heat Load <W> 


■ ■ 2776 


ESS IHTERFfiCE PflPAMETERS 


1 Solar flrra>" Power XW> 

2 Max Solar fir rax We i eh t < Ke > 

3 Max Thermal Control Weieht 


20SS 5 

42 

270 


E-18 

GEO 25KW NiCd 


** -m 


.iSIGHTS 

1 B.5 1 1 « r y C* 1 1 (.1 nc 1 t «• i n-i 1 s- > 


Z . 6274 


1 B a 1 1 e r y Mod u 1 e < ft v e '> 



38.53S 


7 BRPC 



2 1€ 


“ Chaffer Cf3> 



24 . 85 


5 Channe 1 •' 1 ess x n t e r t’ aces) 



2€S , 73 


€ Channel Interfaces 



3.762 


7 E8S <incl Inter faces) 



2726 


DIMEHSiCHS '.‘CM) 





; Battery Ceil <incl terminals) 
''LxWyH) 

12.70 

X 

3 , 30 X 

1 7 . 3© 

£■ Lar«e Battery Module <LxWxH> 

S3 30 

X 

16.60 X 

23.20 

3 SfAal 1 Battery Module <LxWxh> 

83.30 

X 

16,60 X 

23.20 

^ BRPC CLxWxH) 

18 80 

X 

12.70 X 

6 . 401 

5 Charfer <p- 3) <LyWxH> 

€3.50 

X 

26.80 X 

16.50 

€ Channel CLxWxH) 

82.80 

X 

268.60 X 

25* * 9G* 

7 ESS CLxDxS; 

1€5.80 

X 

457.00 X 

268,60 

VOLUMES ^ccfiS) 





1 Battery Cell >' i n c 1 .t e r m i n a 1 s ) 



725 


2 Lar?e Battery Module 



32080 


3 Small Battery Module 



32080 


^ BRPC 



1617 


5 Charter <p3) 



28184 



€ Channel i less In t e r faces ) 
7 ESS <incl Interfaces) 


€43520 

20580060 




E-19 

GEO 25KW NiCd 






LIFE CYCLE COSTS <ISS0»M> 
DDT&E 

PRODUCTION 


-ir Bit t#ry C*l 1 

•; ,4S2 

1 Cisli M'itchinf 

1 .753 

r 

2 Modul* A’i*»mbly 

1 . 604 

3 Channel Aiarembly 

7 

bt» » IMB I 

4 Subsystem Assembly 

1 . 7SS 

5 Acceptance Surface Transport 

i:i62 

S Pre launch Integration % 
Checkout 

, 166 

7 Space Transport 

36.052 

8 Space Deployment & Checkout 

. 030 

OPER ATI ONS S, MAINTENANCE 


1 Spares Production 

0.000 

2 Crew Trainine 

0.000 

3 Labor 

. 500 

4 Space Transport 

0,000 

ESS LIFE CYCLE COST 


INTERFACE COSTS 


1 Solar Array 

10,677 

2 Thermal Control 

5.834 

3 Power Condi t ionine 

1,405 


TOTAL LIFE CYCLE COST 


' GEO 25KW NiCd 
E-20 



s '. St £ 

■A 4 . SS£ 


U 

0 

II 

11 


f I 

I 

li 








'V^ I 




LEO 


2SKM ES3 


<NiH2J 


MISSION PARftMETERS 

1 To t ai I Ni.Ui'ib# r of S*t t* rr Cyc 1 *-s 

2 Dii-ch-ar-»'S Tim* CHr> 

3 Minimum ChJir’»'» Tim* <Kr> 

4 Totil ESS Lilf» '"lYr) 

5 Number ot H-»rdw*r» Lif* 


ESS PERFORMANCE REQUIREMENTS 

1 Total Power Re-^uired <W> 

£ Total Volta=9e R#’\uir#d 
3 Required Battery Life <¥r> 


ESS PERFORMANCE PARAMETERS 


1 Max i mum Bat t e rr L i f e < V r > 

£ Capacity Degradation Factor 

3 Voitaee Deeradatiori Factor 

4 EOL Minimum Power <W> 

5 EOL Minimum Voltaee W> 



isosao 

. «£355 
.SOStS 

30 ■■ ", 


29 S £5 
12S.S 
6 . Sijs: 


7*?853 
. 503£? 
. S0327 
3O0SF 
las , 93 



M 


904 


*2* 


t i T 


5 


£2 €■ 


mm 




BFITTERY CELL DISCHARGE 
PlriRftMEtERS 


1 R»t.«d Ci-ll Capacity <flH) 


£ EOL HaK. Dapth of Piaicharf* 


3 EOL Max. Dischara* 


4 Max. Dijpchar'f# Curr:*nt <fl) 


5 EOL Min. Voltaa* <V> 


BfiTTERY CELL CHFIRGE PRRflMETERS 


1 Racha r aa Fr ac t i on 


2 Cha raa Thfouahput 


3 Chat-fa Currant <fl) 


4 C h a r fa Molt af a < M > 


Wa 1 1 “Hour E f f iciancx 


•SS THERMfiL PHRfiMETERS 


1 flvarafa Oparatinf Tamparatur' 


2 Battarx Call Enthalpy Moltaa^ 

<V) 


3 Maximum Discharfa Haat Load 
<W) 


4 Maximum Charfa Haat Load <W> 


5 Maximuffi Cxcla Hast Load <W> 


ESS IHTERFaCE PflRflMETERS 


1 Max Solar Array Powar <W> 


2 Max Solar Array Maifht <Kf > 


3 Max Tha r wa 1 Con t r o 1 Mai ah t 

<m> 


E-22 

LEO 25KW M1H2 


. 3SS©4 


IS . @4S 


2®, £46 


I . 1 4£8 


1,0715 


1 , 02S6 


21.296 


1 .6829 


. 63764 


.3097 


34651 







HEIGHTS avf > 

1 C*ll find t ♦ rrn i ni It'j 

2 B-it x*vy Wodul * 

3 BRPC 

4 Ch4rf«-r 

5 Chahnfl <l*s# int*rfjic«*> 

E Ch-sriirifl Intitrf He*® 

? ESS (. itvcl I n t «• r 



1 . 134 S 
36 - C* 0 Ci 
2 26 
24.^5 
25 S.S? 
12.214 
2172 in 


D I MENS IONS <CM ) 

1 B«tt*ry 0*11 <incl terminals? 

<DiaKL 5 ' 

2 Lariit Battary Modula CLxWkH) 

3 SriiiaVl Battary Modula <LxWxH) 

4 ERPG tLxWxH) 

5 Chaff a r (P'S) (LxWxH) 

6 Charmal (LxWxH) 

7 ESS CUDkS) * 


9.32 X 29.61 


ire* 

V 

33 

X 

51 . 

26 

X 

37 . 

,01 

58 

. 33 

X 

46 . 

60 

X 

37 . 

101 

20 

. 90 

H 

12 . 

70 

X 

6 . 

,40 

63 . 

,50 

X 

26 . 

90 

X 

16 . 

, 5 © 

22 

I* 33 

X 

174 

9 © 

X 

39 , 

, SO 

22 . 

1 33 

X 

457 . 

©0 

S* 

ifH 

174 . 

,90 


VOLUMES \cm 3 > 


1 Battary Call (irtcl tarfftihals) 

2 Laf'fa Battary Modula 

3 Swall Battary Modula 

4 BRPC 

5 Ghaf'faf <p 3 > 

6 Chaff al». lass If tar facas) 

7 ESS (if cl If tarf acas) 


2020 
110660 
100600 
1699 
2 S 1 S 4 
S 5 I 540 
1 3068000 


LEO 25XH N1H2 



LIFE CYCLE COSTS C19S0«M> 

DDTSfE 

PRODUCTION 
a Bat t#r*y Cal I 

1 Call Mat china 

2 Modula ftasarfilsly 

3 Channal flasamb 

4 Subirstam fta-aambly 

5 ftccaatanca & Surfaca Transport 

€ Pra launch Intaaration Si 
Chackout 

7 Saaca Transport 
S Spaca Parloymant S< Chackout 
OPERfiTIONS & MflINTENNNCE 

1 Saaras Production 

2 Craw Trainina 

3 Labor 

4 Spaca Transport 


ESS LIFE CYCLE COST 


I'HTERFflCE COSTS 

1 Solar fir ray 

2 Tha rmal Con t rol 

3 Powar Conditioning 


TOTPL LIFE CYCLE COST 


< .SSU 
2 . 276 
1 . 408 
1.622 
1.703 
1 .081 


4.334 
. 024 


12. 526 
.518 
3.229 
39.551 


232.476 
7.223 
1 .166 


I£0 25KW N1H2 
E-U 


8.993 

12.593 


55.824 


77.415 


318.280 


II ! 



5V3KW 


<NiH2> 


PftRftMETERS 


1 To t i 1 Hu riioi- r of Battery Cy c I os 

2 M a K i rci u wi D i s ch a r •» o T i rn o (Hr ) 

3 Miriimuw Char-fo Timo <Hr> 
d Total ESS Lifo <Yr> 

5 rfMmbor of Hardwar* Lifo Cs'clos 


1 6032^1 
. 62355 
. S0S 15 


ESS PERFORMRHCE REQUIREMENTS 


1 Total Powor R<5-^uired <W) 

2 T o t a 1 V o 1 1 a ■? 0 R e ^ u i red < U > 

3 ReAwired Battery Life <Yr> 


59650 
128 .8 
6 > 863 


ESS PERFORMfiNCE PHRBMETERS 


1 May imurfi Battery Life <Yr> 

2 Capacity Deeradatiori Factor 

3 Voltaae Degradation Factor 

4 EOL Minimum Power <W> 

5 EOL Minimum Voltaee <U) 


BATTERY CELL QUANTITIES 


1 Total Humber of Cells 

2 Total Cells in Parallel 

3 Total Cells in Series 




4 Numbe r o f MOdu 1 es/ Ba 1 1 e ry 

5 Number of Cellsytlodule < Ave> 


1710 


22 .8 


LEO 50KW NiH2 
E-25 





fTf 


IBTTEFIY CELL DISCHARGE 
PfiRRMETERS 


1 R.at*d C^ll Capacity <flH> 

2 EOL laas. D*pth of Disch»r?» 

3 EOL Max Discharfe <AH> 

4 Max. Di£cha>*fi3' Current. tft> 

5 EOL Min. Moitaee <W> 

^ m4 'P» <M» «■»'■»» M» mw mm mm mm; mm ^mm. mm <mm 'fm, mm [mm Imm - « 

BATTERY CELL CHARGE PARAMETERS 


50 

.43037 
1 S . 252 
30 . 875 
1 .1314 


1 R e c h -a r -a e F r a c t i o n 

2 Charge Throu'ahput 

3 Charee Current <A> 

4 Ch a r* f e V o 1 1 a e e < V > 

5 Wat t~Hour Ef f iciency 


1 . 0715 
1 0308 

22.715 
1 .7012 
, 620S8 


ESS THERMAL PARAMETERS 


1 Average Operating Terflperature 

<Dee~K> 

2 Batterj- Cell Enthalpy Moltaee 

<V> 

3 Maxirrtufin Discharge Heat Load 

<W> 

4 Maxiriiiuni Charee Heat Load <W> 

5 Maxintum Cxcle Heat Load <W> 


ESt INTERFACE PARAMETERS 


1 Max :Soiar Array Power <W> 

2 Max So 1 a r A r rax We i ah t < Ka > 

3 Max Thera^al Control Weieht 

<Ke) 


40 C* 

1 .2873 


8758 


18052 

18052 


70673 

1448 

1848 


»*i£lGHTS 


» 

■C* T t -i® 

Ceil incl terRiinals> 

1.1340 


#■» 

, *• 

S a 1 1 ^ 

Module 

3g.444 



BRPC 


2 . 2S 


4 

Charter 

CF*’3^ 

24.95 



Ch-ahrial 

'Mefs interfaces) 

265.25 



Channel 

Interfaces 

12.46? 


1^’ 

ESS Cine 1 lnterfacas> 

44SS 


* 

DIME NS I OHS 

(CM) 



1 

Battery 

<0iaxL> 

Cell <incl terminal si 

9 . 32 K 29 

.61 


Lar-?e Battarx Hcicjule CLxWxH - 

5S • 33 X 5 1 1 26 X 

37.01 

%!♦ 

Small Battery Module CLxWxH) 

58.33 X 46.60 x 

37.01 

4 

BRPC <LxWxH> 

21.00 X 12.70 X 

6.40 

C? 

Charter 

*\ P'i* ^ c LxHxH ) 

63.50 .X 26,90 X 

16.50 


Channel 

CLxWxH) 

122 33 X 1?4. 90 X 

39.80 

7 

ESS f l_xDxS5 

244.66 X 457.00 x 

174.90 


VOLUHES CcfrtS) 



Battery Cell <incl terminals! 

2020 

ta. 

laree Battery Module 

1 10660 

M-' 

Small Bat tery Module 

100600 

4 

BRPC 


% 

Chareer <p3) 

28184 

s; 

Channel Cless Interfaces) 

851540 

f 

ESS (incl Interfaces) ‘ 

36137000 


£•27 

LEO 50 KM N 1 H 2 


LIFE CYCLE COSTS <lSS0tM> 

DOT&E 

PPOOUCTION 

1 Baitt*ry C‘*M < 

1 C-tll Mitchin-f 3.504 

2 Mod«l* p*#*mbl.v 1,723 

3 Ch«rin*l 2.534 

4 Spjbsys tem ft*s»twb ly 2 . ©4^5 

5 Acc*Pt4nce !k Surf ic# 1.443 

6 Pr* launch Integration & .235 

Checkout 

7 Space Transport S.331 

8 Space Derloyment & Checkout .043 

OPERfltlOHS > rifltNtENftNGE 

1 Scares Production 17.732 

2 Crew Training . 374 

3 Labor €.078 

4 SFace TransFort 74.600 


ESS LIFE CYCLE COST 
INTERFfiCE COSTS 

1 Solar ft r ray 412 . 037 

2 Thermal Control 3.545 

3 Power Conditioning 1*388 

TOTAL LIFE CYCLE COST ‘ 


10.788 

20.471 


33.444 


130 , 703 


554 . 2 ; 


B-28 

LEO 50KW N1H2 


OHIGINAL PAGE IS 
OF POOR QUA Liry 


100KW E'SS 




LEO 


MISSION PftRftMETERS 

1 To t-i I Number of Batters*’ O^'^clt'S 

2 Maximum Di*charaa Tima CHr>* 

3 Minimum Char-ta Tima CHr> 

4 Total ESS Li fa <Yr> 

5 Numbar of Hardwara Lifa Oyclas 


ESS PERFORMANCE REQUIREMENTS 

1 Total Powar Ra-vuirad <W> 

2 To t a 1 Vo 1 t aaa Ra<iu i r ad < V ) 

3 Raauirad Bat tarx Li fa <Yr> 


i€0320 
.62355 
. 90815 
30 
4 


M9300 

128.8 

6.863 


ESS PERFORMANCE’ PARAMETERS 

1 Maximum Battarx Lifa <Yr> . ?. li7 

2 Capaci tx Daaradat ion Factor^ . 89468 

3 Vol taaa Dearadat ion Faotor .89468 

4 EOL Minimum Powar < W> 1 19470 

5 EOL Minimum Voltaaa<V> 128.98 


BATTERY CELL QUANTITIES 

3420 
30 
1 14 
5 

22.8 


1 Total Numbar of Calls 

2 Totail Calls in Paral lal 

3 Total Call* in Sarias 

4 Numbar of Modulas/Eattarx 

5 Numbar o f Cal isxModul a < Ava> 



LEO lOOKW NiH2 
£-29 


BfiTtSRY CELL DISCHftRGE 
PfiPAMETERS 

1 P'.iit*d Cf l l <.AH) 5& 

2 EOL M-sk. 0«F‘th of Disch-sr-fi- .4303? 

3 EOL Max Diapcharii* <AH.’' 12.252 

4 Max, Di schar’?i« Curr*ht <ft> 30. 875 

5 EOL Min. yolta-ia <V> 1.1314 


BflTTERY CELL CHflPGE PflRflMETERS 

1 Rachara® Fraction 

2 Chara® ThrouahFut 

3 Ohara® Current (fl> 

4 Ohara® Yoltaa® <W> 

5 Matt-Howr Efficiencx 

ESS THERMfiL PARAMETERS 

1 A V ® r a a ® 0 p ® r a t i n a T ® m p ® r a t u r ® 

<D®a-K) 

2 E a 1 1 ® r r 0 ® 1 1 E n t h a I p .y o 1 1 a a ® 

<V> 

3 Maximunv Dischara® H®at Load 

<W) 

4 Maxi muni Ohara® H®at Load <W> 

5 Maximurfi C.vcl® H®at Load <.W) 


ESS INTERFACE PARAMETERS 

1 Max Solar Arrax Pow®r CW> 141350 

2 Max Solar Arrax Waiaht <Ka> 2898 

3 Max Thar rtial Control Waiaht 3S9S 

<Ka> . . . . 



E-30 

lEO lOOKW N1H2 


1 0715 
1 .0308 
22.715 
1.7012 
. 620S8 



283 

1,2973 

17518 

38101 

38101 


WEIGHTS 


1 Battery Cell tincl te;'fiiiriais) 

11 340 

2 Battery Module CPve) 

36 • 444 

3 BRPC 

2 28 

4 Charter <r3> 

24. ?5 

5 Channel <’less interfaces) 

265.25 

6 Chanriel Interfaces 

12.467 

7 ESS <incl Interfaces) 

8874 C4;) 


DIMENSIONS CCM) 





1 Battery Cell Cincl terminals) 
<DiaxL> 


9 * 

32 y 28 . 

61 

2 Laree Bat tery Module ^LyWyH) 

58.33 

X 

51.26 X 

37.01 

3 Small Battery Module <LxWxH) 

58 . 33 


46.60 X 

37.01 

4 BRPC CLxWyH) 

21 . 00 

X 

12.70 X 

6 .4© 

5 Charter <f3> CLxWxH) . 

63.50 

X 

26.80 X 

16.5© 

6 Channel <LyWy.H> 

122.33 

X 

174.80 X 

35.80 

7 ESS 'CLxDxS ) 

485.32 

X 

457.00 X 

174.50 


yOLUMES <cm3> 


1 Ba 1 1 e r>' Ce l ] < i ncl t e rnvi nal s > 

2 Laree Battery M*3dule 

3 S^all Battery Module 

4 B^PC I 
5:Ciiar9er 

6 Charvoe I < less Interfaces) 

7 ESS < incl Interfaces) 


2020 
i i0SS0 
100600 
1707 
28184 
851540 
72273000 


E-if 

LEO lOOKW N1H2 








LIFE CYCLE COSTS 
ODT&E 

PRODUCTION 
i Bat tery Cal 1 

1 Call Mat chin? 

2 Modula Axsambly 

3 Channal flssawtbly 

4 Subsyrtaffi Bsjarftb*ly 

5 ftccaptanca ^ Surfaca Tran*Fort 

6 Pra launch Intaaration & 

Chackout 

7 SFaca Transport 

S Spaca Dap loy want & Chackout 
OPERftTIONS & MfilNTENflNCE 

1 Spa ras Production 

2 Craw Train in? 

3 Labor 

4 Spaca Transport 
ESS LIFE CYCLE COST 

INTERFACE COSTS 

1 Solar Array 

2 Thermal Control 

3 Powa r Cond i t ion i na 

TOTAL LIFE CYCLE COST 


< .S53> 

5.974 
2. 4 OS 
4.4S1 
2.7S2 
2.192 
.410 

17.85S 

.099 

28 . 499 
1.941 
12.110 
148.767 


718,908 
13.887 
3 , 578 


14,591 

36.164 


191 .317 


242,072 


978.445 


B-Jl 

LEQ lOOpi NiH2 







LEO 250KW ESS 

MISSION PftRfiMETERS 


1 Tot.»l Nufiftbi-r* ot Cycles 1S0320 

2 MixifftMM Discharf'S Tiffin cHr> . S2355 

3 MiftiMMM Oharf<t Tim« CHr> . S0814 

4 Toifl ESS Lif» CYr> ’ 3© 

*5 Numb»r oJ H»rdi>iar«' Crcl^s 4 


ESS PERFORMfiHCE REQUIREMENTS 

I Total Pow»r R>?'tulr'i>d <W> 2S8250 

S Total Voltafa RfAuir^d <V> 12S.8 

3 R*'^uiri-d Batter/ LiJs* <Yr> 6»SE3 


ESS PERFORMFiHCE PftRflMETERS 

1 Ma/imuro Batter/ Life <Yr> 6, BSS 

2 Caeac it/ Degradation Factor .85255 

3 Voltaee Defradation Factor ,85255 

4 EOL Mini muni Power <Wj 380110 

5 EOL Minimum Voltaee^C 125,61 


BRTTERY CELL QUfiNT IT I ES 


1 Total Number of Cells 8510 

2 Total Cells in Parallel 74 

3 Total Cell* In Series^ 115 

4 Numbe r o f Modul es/Ba t ter/ 5 

5 Number of Cells/Module <pYe) 



LEO 250KW N1H2 
B-33 


EfiTTERV CELL DIECHfiRCE 
PflRFlHETERS 

1 Ci-ll C*Ficitx <flH> 

2 EOL Mix. D^Fth of Diapch*rf* 

3 EOL Hsx. Di*ch4rf* <RH> 

4 Max, Otfjchaff* Curr* 

5 EOL Min. Ooltai** < V )■ 

BfiTTERY CELL CHfiRCE PflRflMETER* 

1 R^char?*- Fraction 

2 Char-fa Throufhi*-yt 

3 Charf# Currant Ciii) 

4 Charfa Voltaaa <0) 

5 Watt.-Hour Efficiancx 

E3S THERMAL- PARAMETERS 

1 Avara-fa Oparatina Tamparatura 

<Daf-K) 

2 Eattarx Call Enthalpy Voltafa 

3 Maximum Discharfa Haat Load 

:CW:> 

4 Maximum Charaa Haat Load <W> 

5 Maximum Cycla Haat Load <H> 

ESS INTERFACE PARAMETERS 

1 Max Solar Array Powar <W> 

2 Max Solar Arrax Waiaht CKa) 

3 Max Tharmal Control Waiaht 

<Ka> 

— - 

LEO 2S0KH N1H2 


*5. jUJ, 


5© 

.43722 
15.512 
31 .252 
1.127 


1 ©715 
I .0313 
23 . 022 
1 .7056 
. 61SS8 


'2 S3 

1.2542 

44525 

57520 

57520 


357380 

7327 

9460 


WEIGHTS 


i C#l l <'tricl 5 ) 



i-!340 


2 E.sttftr)' Modul* 



3S 775 


4 BRPG 



2.30 


^ Chirt-ef 



2‘^.t5 


5 Ch*nn#l <1#** 



267. S5 


S Chinn*! Int*r^f«ct* 



12.5SS 


? Ess < inci !ni*rfic,**^ 

22771 c:0 

DIMENSIONS <Cri> 



4 


1 Bitt*ry C*ll <incl t*rffiinil£ 
<0iixL) 


S 

.32 X 2S. 

61 

2 Lir?» Batt«ry Modul* ^LKf/KH-* 

5S.33 

X 

51 26 ■ X 

‘37.01 

3 Smill Batt*r>^ Modul* <LxWxH> 

5S / 

X 

51 .26 X 

37 . 01 

4 BRPC axWxH) 

St. so: 

• X. 

,,'!2".70:' X 

: 6.40 

5 Ch*r’?*r <fS> <LxNxH? 

S3. 50 

X 

,, S6.t0 ''n': 

16.50 

6 Chinn*! <LxWxH> 

its . 15 

n 

174', S0' X 

:,3f.S0 

f 

7 ESS <LxDxS> 

12S1.50 

X 

457. 00 X 

174 . 80 

yOLUMES ?cm3> . 





1 Battery C*!l Cine! teyrniniis' 



2020 ' 


2 Lar'f© Bittery Modul* 



110660 


3 Small Battefx Medul* 



1 10660 


4 BRPC 



- 1723 


5 Chirier <f3> 



2S1S4 


6 Channel < l*f£ In ter tie**) 



8S2060 


7 ESS Cine! Interface*) 

• " ■ 1 

m 

■280000 


• 

E’3S 

'4 



* 

LEO 250KW K1H2 






:v'; 


. - ' fe. 

•• : ^ ;-Hi 



85 1 35? 


LIFE CYCLE COSTS 
ODT&E 
PRODUCT I OH 
4 B4t t«-ry Cf l i 

1 C4l 1 Mitch inf 

2 Moduli 

3 Chirmil ftjtiisirAbli' 

4 Subiystim 

5 ftccfFtihci 8urf.ic* Tririsport 

6 Priliuhch rnttf ritlon -% 

Chickout 

? SP’ici TrinifFort 

» 

8 Spic* Df^loyfniht & ChlcKout 

OPERBTIOHS Sc MftIHTENftNCE 

1 SPir'i# Production 

2 Criw Triininf 

3 Libor 

4 Spic# TrinsP’ort 
ESS LIFE CYCLE COST 


r. ,7?5> 
1 2 . 854 
4.431 
16.200 
4.888 
4.442 
. 848 

45.314 

.256 

58.768 
4.787 
29.876 
367 , 78 < 




% i 


461 .213 


563 . 609 


II 

t -i 



IMTERFflCE COSTS 

1 Solir Firriy 

2 Thirwil Control 

3 Pow#r Condi t ion inf 




TOTAL LIFE CYCLE COtt 


ORIGINAL PAGE IS 
OP POOR QUALITY 


LEO 250KW NiH2 



25KW ESS 






MISSION PfiRflMETERS 


1 To t«l Number of Bit 

2 MjiJ<iMyw Diichur'f* Tim* <Hr> 

3 Miniffiiww Chirf* Tim# <Hr> 

4 To til ESS Uif# CYr> 


5 Numb#r of Hirdwir# Lif# Cycl#* 



ESS PERFORMANCE REQUIREMENTS 


1 Totil Powtr R*twif#d CN> 

2 Total Volti## R#tuir#d 

3 R*^uir#d Bitt#ry Lif# CYr> 

ESS PERFORMANCE PARAMETERS 

1 Maximum Batt#rx Lift CYr) 

2 Capacity Dtaradition Factor 

3 Uoltaa# D»aradatioo Factor 

4 EOL Minimum Pow#r <W> 

5 EOL Minimum Volta*# CY> 


BATTERY CELL QUANTITIES 

1 Total Numb#r of Calls 

2 Total Calls in Pa rail# I 

3 Total C#i lap in S#ri#^s^ 

4 Humbar o f Modu 1 as/Ba t tarx 

5 Numbar of Cal Is/Modula <Ava> 


B-37 

GEO 2SKW NiH2 


43S 55 
1 1S13 
22 . 726 
5 
1 


2SS25 

128.8 

.075265 


1.304 

.89336 

.99336 

30049 

129.77 



749 

7 

107 

4 

26 . 75 


’I 


EflTTERY CEtl DI&*CHP.RGE 


PPRflMETERS 


b ^ ‘ 

1 

Fa t i 

I'd Call Capacity (AH'* 

5© 

1: 

2 

EGL 

Max. D*.»th of Oi*char*f# 

. 78676 


3 

EOL 

Max. Discharaa <AH^ 

38.077 

I-' 

4 

Max i 

, Disicharfa Currant <fl) 

33.08. 

1 ' 

5 

EOL 

Min . Vol taaa <V> 

1 . 2128 


EPTTERY CELL CHPRGE PflRfiMETERC 


1 R*ch« r^t Fraction 

2 Char'9«' Throufhrut 

3 Gharf© Gurront <B> 

4 C h a r ? © Vo 1 1 a f © C V > 

5 Wa 1 1 -H ou r E f f ici #ncy 


1 .3745' 
1.2W 
3 . 756 
1 ,499 
,58848 


i I 


II 


i 

,1 .1 


J 


i 



WEIGHTS 


1 Battery C«U citicl 

2 BatttFy Mciidult <Av>¥> 

3 BRPC 

4 Charaar C f» 3 > 

5 Channal <lass intar fsc»s> 

S Channel Intar face* 

7 ESS <incl Intarfaca*') 

DIMENSIONS <CMy 

1 Battary Call <incl tamnnals) 

<DlaxL> 

2 Lsraa Battary Modula <LxWyHy * 

# ■ 

3 Small Battarjr Modula CLxWxH) 

4 BRPC <LkWxH> 

5 Charaar (PS's <LxWxH> 
o Channel <LxWxH) 

7 ESS <LxDxS> 


t 1340 
42*523 


2.14 



24 . 55 
244 . 51 
11.511 


1756 W 


32 X 25.61 


65 « 65 X 41*94 x 3 
65.65 X 46,60 k 3 
19.70 X 12.70 X 


63.50 X 26 90 X 1 
110.68 X 198.30 X 3 
110.68 X 457.00 X 19 


LIFE CYCLE COSTS <IS80*M^ 

DOT&E 

PRODUCTION 
B*t t try Ctl 1 » 

1 Ctl 1 Match in? 

2 Hodult Fisxtmbly 

3 Chahntl ftsstffiblr 

4 Subtext tm RsstMbly 

5 ftcctFtahct i« Surf act Transport 

6 Prt launch Inttifration 

Chtckout 

7 Space Transport 

S Space Dtploymtnt & Chtckout 
OPERATIONS & MflINTENANCE 

1 Spares Production 

t, - 

2 Crew Trainin’? 

3 Labor 

4 Space Transport 
ESS LIFE CYCLE COST 

INTERFRCE COSTS 

1 Solar fir ray 

2 Thermal Control 

3 Power Conditionin’? 

TOTAL LIFE CYCLE COST 


GEO 25KW NiH2 
£•40 


1 1 . 000 ? 
2 . 030 
t « 347 
1 ,44S 
1 * o oS 
1 .015 
. 1 30 

23 . 779 
. 020 

0 . 000 
0.000 
,500 


14,034 

5.844 

1.042 



LEO 


2I5KW ESS 


<H202> 


MISSIOH PARfiMETEPS 

1 Tot*l Number of ESS C>"cl*s 160320 

2 Dark P*riod CHr> .62355 

3 Miriimwm Lifht Period <Hr) .90S15 

4 Total ESS Li f o <Hr) 3© 

5 Numb# r of FCU H«rdw.ir* Lif« 4 

Cycl*-i 

6 Number of ECU Hardware Li fo 4 

Cyclas 

7 Numbtr of Pum^ Hardwar* Lif« 4 

Cyclas 

ESS PERFORMANCE REQUIREMENTS 

1 Total Power ^ Re-aui red <W> 31214 

2 Total Uoltaee Required <V) 128.8 

3 Required FCU Life <Hr> 15S10 ■ 

4 ReAUired ECU Life <Hr) 45844 

5 ReAuired Pump Life <Hr) 62393 


E4J 

LEO 25KW H202 


ESS PERFORMftNCE PARAMETERS 


1 EOL Minimum Pow*r <W> 31342 

2 EOL Minimum Volilf# <W> 12S.33 

3 Maximum FCU Lif* <Hr) 1743S 

4 Maximum ECU Lifa <Hr> 46201 

5 Maximum Pump Lif# <Hr> 623 S3 

6 Humban ©I ESS Sidas 5 

7 Numbar C'f ESS Channais S 


FUEL CELL UNIT QUANTITIES 

1 Total Humbar of PCU 

2 Total PaKallalFCU 

3 Total San as FCU 

4 Numbar ot FC Stacks 

5 Numbar of FGU/FC Stack (Ava) 

FUEL CELL UNIT PERFORMANCE 
PARAMETERS 

1 EOL Min. Dark Pariod Powar 

<W> 

2 E 0 L M i n . D a r k P a r i o d W o 1 1 a ■? a 

<V> 

3 Activa Call Area <cm3> 

4 EOL Dark Pariod Currant 

DansitX CMa/cm> 

5 EOL Liaht Pariod Currant 

Oansitx tMa^cmJ^ 



S0 

16 

45 


43.531 
1 . 437 
232 . 26 


130 . 43 



E-42 

LEO 25KW H202 


ELECTROLYSIS CELL UNIT 
PERFORMANCE PARAMETERS 


1 EOL Max. Li’fht Period Powar 

cm 

* 

2 EOL Max. Li'#Ht Pi-f'iC'd Volta-?* 

<V> 

•S ficti\/s. Call At^ea Ccfi'iS** 

4 EOL Dark Period Currant 

Density •; Ms/cki > 

5 EOL Lieht Period Current 

Density <Ma/‘cm> 


34 . 04E 




m CO 


ESS THERMAL PARAMETERS 


1 FCU Averafe Op-eratitv? Pressure 
<Ke/cm2> 

£ FCU Ave r ase Opera t i n-? 
Temperature C0e-?“K> 

3 ECU Average Operatin? Pressure 
, <K?ycm£> ; . ^ 

4 ECU Average Opera tin? 

Temperature CDe'?-^^^^^^ 

5 Maximum Dark Period Heat Load 

- cm : 

6 Maximum Li ?ht Pe r i od Hea t Load 

V : :;v ^ . 

7 Ma;f ifi.uu Cxcie Heat Load < VD 


ORIGINAL PAGE js 
OF POOR qiJAinr 


E^S 

LEO 25KH H202 


1 . 1248 


1 .1248 


13837 


6888 


6968 



TOTAL ESS PARAMETERS 


1 W -i 1 1 - H 0 u r E f f i c i t n c y 

2 DoD Factor 

3 Stora-** TarftPtfatur* <D*f-K> 

4, H2 Storaf* Pr*»*ur» <K-*/cm2) 

5 H2 Storaf# yolum* tcrft3> 

S H2 Stora*?* Haifht <Kf> 

7 H2 Stora-f* Tank Haifht <Kf) 

8 02 St ora-?* P r*ssur * < K-?y cm2 > 

9 02 Stora'3* yolum* <crf>3> 

10 02 Stora-?* W*!-?}!! <K-?) 

11 02 Storaf* Tarik Vjei-9ht CK-?> 

12 H20 Stora?* Prassur* <K9/cm2> 

13 H20 Sto raa* V^«^lurria <ct«3) 

14 H20 Stora?* Walaht <Ka> 

15 H20 StoTa-?* Tarik Wai*?ht CKa.> 


.42251 

. 

5© . 

28.12 
98251 

I . 3138 
$.181 
14 , ©I 
1965 ©© 
10 . 42 ? 
$ . $$51 
1 335 ? 
11741 

II . 741 
. 65 $7 





WEIGHTS 

1 FCU 

2 ECU 

3 FC Stack 

4 EC Stack 

5 Charfar 

S Powar Modula 
7 flnci 1 1 iary E-^uifMant 
S ESS Cincl Intarfacas^ 


DIHENS IOHS< cm > 

1 F C U < ft c t i V a fi f' © a 

2 ECU trirlct iva flraaJ 

3 FC Stack CMai<> 

4 EC Stack <MaXv» 

5 Charaar Cp-S) 

S Pc'war Hodu 1 a ' 

7 fincilliary EauiF-mant 
o c o c: 


VOLUMES 

Ccfii7« ) 

1 

FCU 


£ 

ECU 


3 

FC St 

3ck 


fC St 

.ack 

5 

Charaar Cf'3> 

S 

Powar 

Hodu 1 © 


Fnc i 1 1 ia rt'‘ Eau i pman t 

"c* 

ESS V 

i n c I I ti t ^ r f ^ s 










LIFE CVCLE COSTS aSS0#M> 


OOTSiE 


1 ^ > 2s^^ 

PRODUCTION 


20 . ^o2 

It FCU 

i tj . •j' S ® ^ 


b ECU 

a.040> 


1 FC Stick • 

3 . 443 


2 EC Stick 

5 . 


3 Pow#r Moduli 

3.32S 


4 Anci 1 1 iiry E^ui#m*nt . 

.754 


5 Subsystim fts»imbly 

i.SS3 


6 RcctPtinci ^ Surfaci Trihsport 

1.501 


7 Priliurtch Intiiration &t 
Chickbut 

.140 


S S^ici Transport 

4 . 05*3 


S Spaci DiPloymint Checkout 

.023 


OPERflT I OHS t MfllNTEHPNCE 


43 . ?5B 

1 Spans Product ion 

■itfl.S'c'S 


2 Cnw Trainin'? 

, 030 


3 Labor 

. ISO 


4 Space Transport 

10.S*S3 


ESS LIFE CYCLE COST 


SI .043 

INTERFflCE COSTS 



1 Solar Array 

334.317 


2 Therurtal Control 

5 . SS5 


3 Pow* r Cond i t i oni ne 

1.1 



TOTAL LIFE CYCLE COST 


LEO 25KW H202 




LEO 


50KW ESS 


<H202> 



MISStON PftRAMETEPS 

.1 Tot-il Numb*r of ESS Cycles 

2 H»Kt»i!Liift Dark P»riod <Hr> 

■f ■ ■ . 

3 Mininiwm Lifht Ptriod <Hr> 

# Tot»l ESS Lif» 

5 NMmb#f of FCU Hirdwir* Lifi- 

6 Nuwb»r* of ECU Hirdw^r* Lif* 

7 Number of PumP’ H*rdw>ir* Lif* 

Cycles 


1S032C 

.E2355 

.sesis 

3H< 

4 

4 

4 


ESS PERFORMANCE REQUIREMENTS 

1 Total Pow*r Ro^ui r#d <W> E242S 

2 Total Uolta^a Ra^uired <V> 128.8 

3 Ra^uired FCU Ufa <Hr> ISSIO 

4 Ra^uirad ECU Li fa <Hr) 45844 

5 Rawirad Puwp Lifa <Hr> 82393 




* 


ES$ PERFORMftNCE PflRftMETERS 

* 

1 EOL HinirwMm Pow*r <W> 

2 EOL hinimuni Volt«fi» <V) 

3 PCU Lif# (Hr) 

4 Maxiwufr ECU Lif* <Hr> 

5 Mtxiwuw Pump Lif* <Hr> 

€' Humhtr of ESS Sidi* 

7 Huwb*r of ESS Ch»hfii*i;r 


FUEL CELL UNIT QUANTITIES 

t Tot.il Humb®r of FCU 

2 Total Parail#! FCU 

3 Total S*ri*j FCU 

4 Humbar of FC Stacks 

5 Nuwtbtr of FCU/FC Stack 


FUEL CELL UHIT PERFORMfiHCE 
pl=IRftMETERS 


1 EOL Min. Dark Pafiod Pow«r 

<W> 

2 EOL Min. Dark Pop ioci UoltS'y* 

<V> . ■ 

3 Pctiv* Call ftraa (cm3> 

4 EOL Dark P* r i od Cu rran t 

Dansits^ <Ma/cm) 

5 EOL Lifht Pariod Currant 

Dansitx (Ma/cm.' 






63U3 

130.21 

1S542 

45S44 

623S3 

35 

15 


5 

I I 


13 S 0 

15 

92 

30 

46 






45 . 733 
I .4153 




I 


Electrolysis cell unit 
CUI=INT1TIES 


1 Totil Numb*r of ECU 

2 Tot*l ECU 

3 Totil S#ri»» FCU 

4 Nuri\b#r of EC Sticks 

5 Numbir of ECU/EC Stick Cfivf) 


' ELECTROLVSIS CELL UNIT 

FERFCRMANCE FftRBNETERS 


t 1 EOL MiK, Lifht Period Pow«r • 
<W> 

I 2 EOL Lifht Period Uolti?« 

|, 1 ftctlvi C»ll flrti 

^ 4 EOL Dirk Period Current 

Density tMi^cro-» 

I . ■ 

t% S EOL Lleht Period Current 
Density <l’li/cm) 


ESS thermal PfiRfiMETERS 


1 FCU fiver see OPeretine Pressure 

<K?/cnj2> 

2 FCU five rise Operatin’? 

Temperature (.De’?-K^ 

3 ECU fiveriee Operatin’? Pre’S'Sure 

Ck;?/cm2^ ; 

- E C U fi V e r a e e 0 p e r s t i n •» 
Temperiture <Oe’?-K> 

I Maj<imum Dark Period Heat Load 

. twj; ■ 

f fiaximum L i eh t Per iod Heat LOao 

<M3 


ill 


MiKimum Cycle Heat Load 


302S 

SS* 


34 

S9 

34 



TOTAL iSS PARAMETERS 

« ■ - 

1 M*tt-Hour Effici*ncy .41255 

2 DoD F^ctof* .S 

3 Slorlif# T*frtP-tr»turt <Dt»-K> 50 

4 H2 St*5fi'f* Pr^ffMr* 2S. 12 

* 

5 H2 Stor*’*# yoluw# <cmZ? 2&0S32 

S H2 Stof*-»» W'fi'fht <Kf> 2. 52 14 

7 H2 Stoi**4# Tinl** Wfl’ifht <Kf> 10.514 

S 02 Stfi?r*ii# Prff^wr* CK-f/cmS) 14.05 

9 02 Storii'f# Mol urn* <cm$> 401050 

10 02 StOf'*4t W#l-fht <K*f> 21.281 

11 02 Stor4-»* Tank W#iTht <K4l * 11. 012 

12 H20 Storaf* Pr*«4ur* 1.3357 

13 H20 Storaw <cm3) 23952 

*.■ 

14 H20 Stora'f* Waiaht- <K’f> 23,952 

15 H20 StoraTt Tank Wtiaht <Kii;> .53278 



ESS INTERFACE PAPAtlETERS 


1 

Max 

Solar 

A rrax 

Poijar <W> 

: 112344 

£ 

Max 

Solar 

Arrar 

Wo 1 1 aia 

<y> 


3 

Max 

Solar 

Array 

W* l a hi t 

CKa> 

2304^ 

4 

Max 

fharm.' 

r); 

si Con- 

K rol Wai 

aht 

: 252^^ 

^5 

Max 

Powar 

Cored i 

i: ion in? 

Waiaht 

: 374.25 


K%- 

> > 

- 






C-50 

LEO 50KW H202 


McIChTS *l #> 


1 FCU 

.5005 

2 ECU 

.5005 

3 FC St*c:N <fivf > 

2S . 23 . 

4 EC Stuck 

20. SS 

5 Ch*rf*r ti*35 

24. S5 

S Powtr Modul# 

S0? . ss 

7 fincilli*ry Etuii>>w#nt 

S3 4S 

S ESS <inci 

4l©2 cm 


DIMSHtiOHS 


m 

FCU Cftctiv* > 

<LxW> 


30 

4S X 7 S£ 


ECU CFlctiv* Ar*i) 

<LkM> 


30 

.48 K 7 S2 

mm.- 

FC S t-ick iWiixJ 

<Lj<:WkH 

3S . S3 

X 

17.7S K 52.41 


E|0 Cf*j4K^ 

CLxWkH? 

* & sS> 

X 

17.78 X 41.23 


Ch*rf>sr <f3> 

CLkW^H) 

S3 . 50 

n 

2S,‘J'0 X IS, 50 


Pow»r Mc'du i «- 


' 1ST.5P 

X 

2S8.S2 X S7.S5 

■f ' 

ftnci 1 1 E'^uip>m«-nt 

<Di.ixL> 

104. 

02 X 79.30 


<LxOxS;.) 

1S7 . 55 

X 

457 .00 X 2SS.S2 


yOLUMEl <crft3> 


1 

FCU ; 

420.59 


ECU 

420.59 

* 

FC St^jCk 

. 34320 ' : 

.'t- 

Si'C S' t'5ck 

/ 2S99? 

.iT' 

Ch-ar'?#r vi^“> 

28184 


r'owar 

24S7S00 


Sfici H i s ry SauiF-fftant 

S73940 

ir . 

m 

ESS Cincl; Inta-rf acas-'i 

2080000 




JS-St 

LEO 50KH H202 




LIFE CYCLE CpSTS <l9S0fM> 

DDT&E 

PRODUCTION 

* C3,07S; 

b ECU . C2»732) 

1 FC Stack 5 ^33 

2 EC Stack 10.572 

3 Powar Movdula flsfambly 5.682 

4 ftnc i n i a ry E-tu i »»frtan t 1.518 

5 Subsystam Pssarnbly 2.035 

6 flccaFtanca Sur^aca TransFort 2.298 

7 Pralaunch Intaaration ,220 

Chackout 

8 SFaca Transport ’ 8.163 

9 Spicf Deploy merit & Chackout ^ @45 

OPERATIONS S. MAINTENANCE 

1 Sparas Production 56,065 

2 Craw Trainina .055 

3 Labor . 341 

4 Space Transport^ ^ ^ ^ 21.524 


ESS LIFE CYCLE COST 
INTERFACE COSTS 

1 Solar Array 597.829 

2 Thermal Control 6.779 

3 Power Condit 1.988 

TOTAL LIFE CYCLE COST 

LEO 50KW H202 
E-52 


23 . 952 
36 > 1 65 


77.985 


•138. 102 


744 .698 


LEO 


100KW ESS 


fH202? 


I. 


MISSION PARfiMETERS 

1 Total Number of ESS tycl*^ 

2 MaKimuM Dark Period <Hr> 

1 M i n i frt u m L i ^ h t Pori o d < H r ) 

4 Total ESS Life- tHr) 

5 Numbar of FCU Hardwar-? Lite 

Cycles 

6 Nufivbar of ECU Hardware Life 

Cycies 

7 Nuwber of Pump Hardware Life 

Cycles ■ 

ESS PERFORMftNCE REQUIREMENTS 

1 Total Power Re-tuired <W> 

£ Total Uoltase Re-tuired 


3 Required FCU Life CHr> 

4 Re-t;uir.ed ECU Life <Hr) 

5 Required Pump Life <Hr> 



16032© 
.62355 
.90S 15 
30 
4 

4 

4 


124S56 
12S . 8 
15910 
45844 
62393 








♦ n 


// 


ESS PERFORMIRNCE PflRflMETERS 

I; 

1 EOL Mini mum Pow#r 

2 EOL Minimum <U> 

3 M*KimUM FCIJ Lit'* <Hr> 

4 M*xirnurrt ECU Lit* < Hr) 

5 MaKirrtum PumF Lit* <Hr) 

6 Nywb*r* Cft ESS Sici*s 

7 Number ot ESS Cn.ann*ls 

FUEL CELL UNIT ClUFlNT ITIES 


125157 

129.11 

16047 

45S79 

62393 

5 


1 T©t|il Hymeer ot FCU 

2 Total Parall*! FCU 

3 T o t a 1 S * r 1 # s F C U 

4 Number C'f FC Stacks 

5 N u m b e r o t F C U F C Stack Cft v •? > 

FUEL CELL UNIT PERFORMflNCE 
PftRfiMETERS 


266 S 

29 

92 

5S 

46 


1 EOL Min. Dark Period Power 

'<w) ; 

2 EOL Min Dark Period Uoltaae 

V : <y> 

3 ftc live Ce il^^ ft <cm3) 

4 EOL Dark Period Current 

Dens i ty < Ma/cm > 

5 EOL Lieht Period Current 

OensitJ* <Ma*''cm) 


46 . 9 1 1 
1 41334 

iF,. M 

4 » cl i:« 

143.92 
2.5 . 


E-S4 


LEO lOOKW H 202 


ELECTROLYSIS CELL UNIT 
QUANTITIES 


1 Total Nuwbor of ECU 

2 Total Rarall*! ECU 

3 Total S*ri*# FCU 

4 Numbar of EC Stacks 

5 Numbar of ECU/EC Stack CAvf) 


ELECTROLYSIS CELL UNIT 
PERFORMANCE PARAMETERS 


1 EOL Max. Li-?ht Pariod Power 

<W> 

2 EOL Max. Li-?ht Period Moltae^ 

CV) 

3 Active Cell Area <cni3> 

4 EOL Dark Period Current 

Density <Maycw> 

5 EOL Lieht Period Current 

Density CMa/cnv) 


ESS THERMAL PARAMETERS 


1 FGU Average Ope r a t i ns Pressure 

CK'?/cirft£> 

2 FCU Average Operating 

Temperature «;Des-K> 

3 ECU Awe rase Ore rat ins Pressure 

<K?ycm2) 

4 ECU Average Operating 

Temperature •;De-a-K) 

5 Max i ni u nv Da r k P e r i o d H e a t L o a d 

<W> 

S Na.ximum Lieht Period Heat Load 
<W> 

7 Maximum Cycle Heat Load CM.) 


EEO lOOKW H202 






TOTAL EOS PfiRflMETERS 

I Uatt-Hour Etfici®hc>' 

£ DoD F.»ctor 

3 Stora-?# Tamraratur* <D«f-K> 

4 H2 Storaae Prassur# <K-f/Cfiii2> 

5 H2 S to ra ta yol uma Ccni3> 

6 H2 Storata Waitht '<Kf> 

7 H2 Storata Tank Waitht 

S 02 Storaaa Prassura ’ <Ka/‘cm2) 

9 02 Storata Vo luma <cm3) 

ICt 02 Otorata Waiaht <Ka> 

II 02 Storaaa Tank Waiaht <Ka> 

12 H20 Storaaa Prassura <Ka/cm2> 

13 H20 Storaaa Voluma <cm3> 

14 H 2 0 S t o r aa a W a i ah t < K a > 

15 H20 Storaaa Tank Waiaht CKa> 


.40718 

*r» 

« c> 

50 

2S 12 
400890 

5 . 358 

18.358 
14.08 
801390 
42.:524 


22 . 7 


1 » o 5 f 
47882 
47.882 
. 8£964 



ESS INTERFACE PARAMETERS 

m 

li 

h 





1 Max Solar Array Powar <W) 

225714 



£ Max Solar Array Mol taaa<V) 

: \127;i2 

: mM 

r j 

3 Max Solar Array Waiaht tKa.) 

4€2B 

1 

1 

4 Max Tharmal Gontrol Waiaht 

53£ 



<Ka> 


■ i 

y \ ^ ^ 

5 Max Powar Condi tionina Waiaht 

?33 ;55 


; 

<Ka> . 


i 



WEIGHTS <Kf) 


1 FCU 

2 ECU 

3 FC Stick 

4 EC Stack Kfiv-f) 

5 Char'fier Cp3> 

S Powar MocJul # * 

? Pnci 1 1 i E-^u ipm-in t 
8 ESS < i hcl I n t » r f ac as ) 


. 5 ev 35 
, 5005 
28.23 
20.86 
24.95 
1599.5 
120.96 
8118 i 


DIREHSIONS <cm) 


1 

FCU Cflctiv.-* ftr'€-a> 

<'LxW? 


ECU tfictive i=ir>5>a> 

(Lxl'O 

3 

FC Stack CMax> 

<;LxWxH? 

4 

EC Stack CMax> 

CLxWxH> 

5 

Charaar ap3> 

CLxWxH) 

€ 

Powa f" Mcdula 

XLxWxH? 


fine i 1 V 1 af*x Eaui Rnvatvt 

CDlaxL) 

o 

Q 

ESS 

CLxDxS) 


*0 « 4 * c » ) 


X 457 » 0y 


UCLUMES <:cm3> 



i- PCU" ': 


^ 420 .59 

2 'ECU ' 


420 59 

4 ' FC Stack 


^ 34320 

4 EC Stack 



5 Charaar Cf3> 


2 8 1 4 

6 P o w a r Mc ci u l a 

> 

448500 

F finci 1 lia rx E^y i p-mant 


:/ 13479S 

8 ESS inCi aca.s ).■ 


■",3F50'10 


LEO , 100 ^ H 202 











LIFE CYCLE COSTS <1930#I1> 


OOT&E 


34.482 


PRODUCTION 


64.555 

1! 

a FCU 

i2.7S5> 


1 1 

b ECU 

'v2.459> 


11 

1 FC Stack 

• 

9.539 


1 j 

2 EC Stack 

18.802 


1 ^ t 

3 Power Module Asxembly 

9.990 


1 1 

4 Ancilliar>' E-^ui^ifient 

3.010 


1:1 

5 Subsystem Assembly 

2.7£5 


n 

6 AcceFtance Surface T ransFort 

3 ,868 



7 Prelaunch Integration & 
Checkout 

,377 


i| 

If 

8 Seace TransFort 

16. 155 


i'! 

11 

9 SFace Peployment Checkout 

. 089 


OPERATIONS fe MArNTENAHCE 


141.319 

li 

ISFares Production 

98.286 


2 Crew Training 

.103 


fl 

3 Labor 

. 643 


WT't 

4 Space Transport 

AO 0 07 
•tC > f 


i 



ESS LIFE CYCLE COST 


INTERFftCE COSTS 


1046 


1 Solar firra 


2 Tbormal Control 


Power Condi t ionine 


TOTAL LIFE CYCLE COST 


E-58 

LEO lOOKW H202 


2zmu ESS 


LEO 


MISSION PARftMETSRS 

1 Totil HMmb#r of ESS Cycltf 160I20 

2 D«rk Period <Hr> .62355 

3 Minimum Li^ht P#rioci XHr> .S0S15 

4 Tot. si ESS Li if* iHr> 3© 

•5 Numb* r of FCU H.srdw4r« Llf* 4 

Cycl*s 

6 Numb*r of ECU H.ardw*r* Li f * 4 

Cycl*s 

? Nuwb*r of Puiift^ Hardwar* Lif* 4 

Cycles 


ESS PERFORMANCE REQUIREMENTS 

1 Total Power .RO’^ui red CU> 312141 

2 Total Voltaee Required 128.8 

3 Re<U4ired FCU Life <Hr> 15910 

4 Retui red ECU Life <Hr> 45844 

5 Required Pump Life <Hr> 62393 


LEO 250KW H202 


ESS PERFORMflNCE PARAMETERS 


% 

i 


1 EOL Minimum Pow*r <W) 

2 EOL Minimum 

t 

3 M*ximum FCU Lif* <Hr> 

4 Maximum ECU Lit# <Hr> 

5 M a X i m u m P u m p- L i t # < H r > 
€' Number ot ESS Sid#s 

7 Number of ESS: Channi'ls 


FUEL CELL UNIT QUANTITIES 

1 Total Numbor of FCU 

2 Total Parallel FCU 

3 Total Series FCU 

4 Number of FG Stacks 

5 Number of FCU/FC Stack <Bve> 

FUEL CELL UNIT PERFORMANCE 
PARAMETERS 

1 EOL Min. Dark Period Power 

<W) 

2 EOL Min. Dark Period Uol taee 

<U) 

3 Active Cell Area Ccm3V 

4 EOL Dark Period Current ^ 

Density <Maycm) 

5 EOL Lisht Period Current^^^^^^^^^^^^^^ 

Density •; Ma-^'cm > 

E-60 

LEO 250KW H202 



312341 
1 28 » 88 
15944 
45S87 
62393 
5 



6624 

7S* 

^ a* 

144 

46 









ELECTROLySIS CELL UNIT 
QUANTITIES 

1 Tot*l Numbfr ot’ ECU 

2 Tot*l P*r«lUl ECU 

3 Tot4l FCU 

4 Number of EC Stacks 

5 Humbtr of ECU-^EC St.icJk tftwf > 

ELECTROLVSiS CELL UNIT 
PERFORMANCE PARaMETSRS 

1 EOL Max Lifht Pofiod Powar 

<W) 

2 EOL Max. Li-fht PariOd Volta-90 

<V> 

3 flctiva Call Araa (cm3) 

4 EOL Dark Pariod Cur rant 

Densi tx CNa/cnO 

5 EOL Liaht Pariod Oorrant 

Oansitx CMa/cm> 



ESS THERMAL PARAMETERS 


1 FCU A V a r a a a O p a r a t i n a P r a s s 1.4 r a 

<Ka/cm£> 

2 FCU As,/araaa Oparatirr? . 

Tampa ratura CDaa-K) 

3 ECU Awaraaa Opara t ina PrasSura 

•'Kav‘cm£> 

4 ECU Avaraaa Opara t ina 

Tamparatura.. COaa^^tO 

5 Maximum Dark Pariod Hast Load 

€< Max i mum L i aht Pa r lod Ha at Load 
CW> 

7 Maxi mum Orel a Ha a t Load f WO 


B-6t 

LEO 250KW H202 



TOTftU ESS PARAMETERS 



1 Witt-Howr Efficitncy 

2 OoD Factor 

3 Storia* T#iriP«ratur# 

4 H2 Storaa# Prataur# (Kfr’cml) 

5 H2 S tor. if* '.•'oUiM* <cw3> 

6 H2 Stora-f* Waifht CKf) 

7 H2 Storaaa Tank Waiaht 

8 02 Storaaa Pras^ur* <Ka/crft2> 

S 02 Storaaa- Volwrrta <crrt3> 

10 02 Stotiaaa Waiabt 

it 02 S to raaa Tank Waiaht <Ka> 

12 H20 Storaaa Prasswra ^K>?.*'cm2> 
1.3 H20 Storaaa Voluffra CcfftS) 

1 4 H20 S t o r a f a W* i ah t < Ka> 

15 H20 Storaaa Tank Waiaht CKf.> 


ESS INTERFACE PARAMETERS 

1 M a 5< Solar A r r ay P o w a r < W > 

2 Max Solar Arrar Voltafa 

3 Max Solar Array Waiaht <Ka) 

4 Max Thermal Control Waiaht 

3 Max Powar Condi t i oni na Naif Ivt 




I£0 


40108 



3@.4!5 « f.6& 
30,48 K 7.8£ 


38,83 K 17. 

78' X 

52,41 

36 S3 X 17. 

78 X 

41.23 

83 50 X 28 

80 X 

18.50 

710.07 X 288 

82 X 

87.85 

108.83 K 

355* 

17 

710 . 07 X 457 . 

00 X 

288. 82 


420.58 
420 58 • 
34320 
2888? 
28184 
10542000 


337*1100 
88 151 000 





LIFE CYCLE COSTS 
DOTfcE 

PRODUCT I OH 
« FCU 
b ECU 

1 FC St iiCii 

2 EC Stick 

#■ 

S Pcwtf Hodul* fl-iraiiwbly 

4 Pncilliiry E-tUJPfrtint 

5 SubiyjRtirii 

€ flqctp^tihc* & Surf*c# TrihSPprt 

7 Pr#i»Mnch Intifrition & 
Chfckout * 

S SPic# Tr»n#»»ort 

? S^»ct Di^ lo.'^W'snt & Chickout 

OPERfiTIOHS Hi 

1 SF-»r#* Production 

2 Crtw Triinin^ 

Z L'ibor ' : * ' 

4 S#4c» Tr-iinxport 

ESS LIFE CYCLE COST 

IHTERFflCE COSTS 

1 Sol-ir ftrr.iy 

2 T h# rmi 1 Con t ro 1 

3 Powtr Condi t i onin» 

TOTWL LIFE CVCLE COST 


<2.425> 
t2.l3S:- 
26 .2S2 
40 .SSI 
22 . ISl 
r . 5 1 1 
4.S12 
S.Sll 
.850 

40.29S 

.223 

21 2 . 795 
.249 
1 . 55 1 
105.008 


2 1 88 , 8 1 3 
13.247 
7.517 


55 487 
145. 859 


31 9 .803 


520.749 


2728.128 
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LEO 250KW H202 


GEO 


25KW E$S 


<H202^ 


MISSION PftRftMETEPS 

■ * , 

1 Tot* I Nufftbtr of ESS Cj^cI*;? 

2 M*XiWum Dirk Poriod (Hr) 

3 Minimum Liiht Period <Hr> 

4 Total ESS Lif* <Hr) 

5 Numbar of FCU Hard war* Lif* 

' Orcltf 

S Numbar of ECU Hardwar* Lif* 
C>^cl#» 

7 Numbar of Pump Hardwara Uif* 





ESS PEPFORMRNCE REQUIREMENTS 

*■ 

1 Total Powar Ra^uirad <W> 

2 Total Uoltiaa Raauirad <V> 


3 Ratuifad FCU Lifa <Hr> 

4 Raaui rad ECU Lifa < H r > 

5 RaAuirad PumF Lifa <Hr> 


43S.55 
1 .1813 
22 . 726 
S 
I 

I 

1 


31214 
128,. 3 
408 
10103 
10518 




GEO 2SKW H2d2 


ESS PERFORMflNCE PflRftMETERS 


1 

EOL (linirnyffi Power <W> 

31417 

2 

EOL Minifftum Voltaee CUX 

129.64 

3 

May i m u m F C U L 1 f e < H r > 

4174.8 

4 

Mayirfiyfrt ECU Life <Hr> 

16795 

5 

Naxirfiuri'i PwfrtP Life <Hr) 

^1519 

6 

Number of 1 

ESS Sides 

5 

7 

Number of £ 

ESS Channels 

2 


FUEL CELL UNIT QUftNTmES 

1 Total Numb* r of FCU 
t Total Parallel FCU 

3 Total Sorias FCU 

4 Numbor of FC Stacks 


5 Ntimbor of FCU/FC Stack <flvs> 



FUEL CELL UNIT PERFORMFiNCE 
PRRftMETERS 

1 EOL Min. Dark Poriod Powor 

<W> : : 

2 EOL Miri. Dark Pori od Volt as© 

V > 

3 Pctiv© Cell firea Cc«ii3> 

4 EOL Dark Period Curronft 

Density <Ma/cm> 

5 EOL Lisht Period Cyrrent 

Density <Ma/cm> 


166 


S3 

4 

41 ,5 



15 9 . 26 
1.5619 

232.26 
521 .? 





£.46 

GEO 25KW H202 




OlUGiNAL PAGB IL 
OF POOR QUALiry 


...A 


ELECTROLYSIS CELL UHIT 
QUIFINTITIES 


1 Tot4il Nurob*r of ECU 

2 Total Parallfl ECU 

3 Total Sari#*: FCU 

4 Huwbar of EC Stacks 


5 Nuwb#r of EGU/IC Stack tfiv-f) 



ELECTROLYSIS CELL UNIT 
P E R F 0 R M R N C E P FI Rfl M E T IRS 


1 EOL Ma«. Lj'fht Pariod Power 

2 EOL Max. Lieht Period Voltaee 

3 Rctive Cell firea \criri35 

4 EOL Dark Period Cur rent 

Pensitx <Ma/cm> 

5 EOL Liaht Period Current 

Density <Ma/cm> 


ESS THERMAL PARAMETIRS 


1 FCU Average Ore ratine Pressure 

CKe/cw2> 

2 FCU Rveraee Oreratin# 

Temperature tOee-K) 

3 ECU flweraee Oreratine Pressure 

<Kercm2> 

4 ECU Bueraee Oreratine 

Temperature <Dee»k) 

5 Mastimum Dark Period Heat Load 

' c 

E M a.ximum L i e h t Per io d He a t Load 
VA> 

7 Max imum Cxc le Hea t Load < W > 

GEO 2SXM H202 


34 

I 

34 

I 

34 



UF 21 
3.4S31 
232, 2E 

o «i 

144.4? 


I . 124S 
355 


i. 124 
355 



t f C 


1 1 1 00 




*0Ci 


TOTftL ESS PftRflMETERS 


1 W*tt-Hour Effici*ricy 

2 DoD Factor 

3 Stor4i>* T*KiPf rf tur« <P#>?-K> 

4 H2‘ S t o ra'f ♦ P r*» ssu r» <Kf /ctiv2 > 

5 H2 Stora-?* Volume <cm3) 

S H£ Storage Weieht 

7 H2 Storae* Tank Weight CKe) 

8 02 Storage Pressure CKs/cri'i2) 

9 02 Storaee Volume <criv3> 

10 02 Storage Weieht <Ke> 

11 02 Storage Tank Weieht <K?) 

12 H20 Storage Pressure CKs/cm2> 

13 H20 Storaee Volume <cm3) 

14 H20 Storaee Weisht <Ke> 

15 H20 Storaee Tank Weieht <Ks'> 


ESS INTERFfiCE PflRRMETERS 

1 Max Solar firray Poiaer <W> 

2 Max Solar fir rax Volt aee<V> 

3 Max Solar fir rax W e i e h t 0\ •? ) 

4 Max Thermal Control Weisht 

5 Max Power Condi t i on i ne He i eh t 


. 4098 
.8 
50 

28 , 12 
182380 
2 . 4388 
9 9052 
14.06 
364770 
19.356 
10.934 
1 , 3357 
21794 
21.794 
. 63501 



127,03 








WEIGHTS •.Ke) 

1 ‘ 

FCU 


1 i s 

ECU 


1 ^ 

FC Stack 


4 

EC Stack 


1 5 

Charter '• 


€ 

Power Module 

[ ^ 

ftnci 1 1 iar 

y EAuip-fftefit 

o 

*•* 

ESS Cirtcl 

Interfaces 



DIMEHS.IONS 


1 

FCU cflctive Firea5 

9 

t LkW > 

30 

. 4 S X 7 . 62 


ECU CflCtive Brea> 

<LxWv 

3© 

. 48 X 7 . 6>2 

V 

FC Stack CMa^t> 

<LxWitH> 

36.S3 X 

If , 7S X 4S ,68' 

4 

EC Stack CMa>i> 

<LxWkH> . 

36 . S3 X 

17.78 X 41,23 

5 

Cha reer tp3> 

XLxWxH:' 

63 50 X 

26.30 X 16.50 


Power Module 

<LxWxH.> 

?4 S3 X 

26S.62 X 63.92 

t 

fine i 1 1 i a rr E aui F-ment 

<DiaML.J 

133, 

51 X 44.12 

c 

ESS 

<LxDxS^ 

CSi) 74.33 X 

457 . ©0 X 268,62 


«'OLUMES 0:rii3> 


1 FCU 

2 ECU 

3 fC St^ck 
• EC Stack 

V Char?c-r CP'3> 

E Power Module 
~ firci 1 1 larv E-tuiF-ment 
; ESS <1 nc 1 1 n t e r ^ sceff '• 


GEO 25KW H202 


42© SS 
42© .m . ’ 
3iS77 

iT Ci O C 

: 2® IS4: 
;'1©S41©© 
:Sl7'S©|„ :■ 
?3©2l©0 


5 . SS? 
31 @ 


LIFE CYCLE CCSTS <1930*11) 

DDT&E 
PRODUCTION 
3i FCU 
b ECU 

1 FC Stack 

2 EC Stack 

3 Pow«r Mcdwla Rx-xambly 

4 Rric i 11 iary E'^i.ii pfrtan t 

5 S u b s y s t * ffi ft s s a m b 1 y 

€> flccaptance S? Surface Transi^ort 

7 Pralaunch Intefration 

Checkout 

8 Space Transport 

9 Space Deployment Checkotit 
OPERftTIONS & MfilNTENflNCE 

1 Spares Production 

2 Crew Train in? 

3 Labor 

4 Space Transport 
ESS LIFE CYCLE COST 

INTERFflCE COSTS 

1 Solar fir ray 

2 Thermal Control 

3 Power Conditioning 

TOTftL LIFE CYCLE COST 


< 4 . £ 4 ?) 
< 5 . 404 > 
1 .353 
.733 
.394 
.152 
1 . 403 

. I Of 

,077 

10 . 903 

0 .000 

0.000 

0.800 

.500 

0.000 


19.550 

6.419 

1.042 


. 500 


;3 . 679 


>0 .690 


£•70 
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